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Knowledge of post-dispersal seed fates and other regeneration characteristics is
crucial for predicting abundances and distributions of populations and, ultimately,
community species composition and diversity. Seed fate studies, however, are rare
primarily due to the difficulty of determining seed fates and causes of mortality.
This thesis investigated post-dispersal seed fates for four species common to
western Oregon native prairies: Bromus carinatus Hook and Am. var. carinatus,
Cynosurus echinatus L., Daucus carota L., and Prunella vulgaris var. lanceolata
(Barton) Fern. The general approach was to sow seeds of these species into
experimentally manipulated field plots for each of two years, and to recover these seeds
from the soil one year later to determine their fates (persistence, death, or establishment
as seedlings). The effect of mowing on seedling establishment was also addressed.
Additional studies focused on the effects of a single mortality factor, fungal disease, on
seed and seedling deaths.
The fate of most seeds was death (44%-80%). Few seeds established as seedlings
(4%-17%), and mowing did not significantly increase seedling establishment. Only
Daucus carota formed a persistent seed bank.
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Vertebrate predation significantly reduced seed numbers for only Bromus
carinatus (21%). The largest cause of death for all species for both years was the
combined group of other mortality causes (invertebrate predation, interference, and
abiotic factors) (52%-73%). The components of this combined group, however, differed
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echinatus were interference (competition plus allelopathy) and abiotic factors, although
invertebrate predation cannot be ruled out for Bromus carinatus. Seedling death due to
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probable components for Prunella vulgaris were invertebrate predation and abiotic
factors.
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CHAPTER 1
INTRODUCTION
RATIONALE
Events that occur during the regeneration stage of plants' life cyclesare crucial in
determining the distribution and abundance of plant populations (Grubb 1977,Harper
1977, Grime 1979, Werner 1979, Gross and Werner 1982, Smith 1983).Community
composition and diversity are also determined by differencesamong species in their
regeneration characteristics and safe-site requirements (Grubb 1977, Masudaand
Washitani 1990, Grime and Hillier 1992). Furthermore, these differences in
regeneration patterns affect successional patterns by determining the probability ofa
species' seedlings colonizing in communities of different successionalstages (Gross and
Werner 1982, Olff et al. 1994).
The survival of seeds is essential for successful regeneration. Measuring the
progressive mortality of seeds caused by different factors allows development of
techniques that reduce or increase these losses, consequently controlling the abundance
of seedlings (e.g., Lawrence and Rediske 1962). This knowledge of regeneration
characteristics, then, is a key to successful control of exotic weeds,management of
natural resources, and the restoration and conservation of native species and habitats.
Even though studies on virtually every aspect of seed biology demonstrate the
importance of species regeneration from seeds, few studies follow the fate of individual2
seeds. Following seed fates is difficult, because most seedsare small and inconspicuous.
The biotic and abiotic factors that influence seed death, seed persistence, andseedling
establishment are exceptionally difficult to analyze in natural populations. Thus,no
balance sheet exits that permits accounting for all the seeds thata plant produces
(Chambers and Mac Mahon 1994).
Model
The model in Figure 1.1 outlines the potential pathways that seeds follow after
dispersal. Seeds generally arriveon the soil surface, where they remain or move deeper
into the soil by burial. Persistent seedsare either dormant or quiescent until conditions
are appropriate for germination. Germination can occur immediately after dispersal, or
after persistence in the soil. Deathcan occur at several points along the pathway:
immediately after dispersal, during persistence in the soil,or during germination and
seedling growth. Seeds generally die fromsenescence, predation, and microbial disease,
while seedlings die from microbial disease, herbivory, interference from neighboring
plants, and abiotic factors.
Mortality
It is extremely difficult to determine thecauses of death for seeds and germinants
(pre-emergent seedlings), especially for small seeds under field conditions. Germination
of the seed at a depth from which it fails toemerge is the usual explanation for the large3
Figure 1.1. Model describing fates of seeds and theprocesses controlling the magnitudes
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number of seeds that fail to emerge in most seed bank investigations(Schafer and
Chilcote 1970, Cook 1980, Washitani 1985). But, because dead seeds andgerminants
decay in the soil, death caused bysenescence, pathogenic attack, and fatal germination
are indistinguishable. Causes of seedling mortality are also difficult to determine. When
a young seedling emerges, it may die in a few hours, leaving no detectable trace.
Another seedling may immediately emerge in thesame place. Even with a dead plant's
remains, it is often impossible to assigna cause of death.
As environmental conditions vary unpredictably fromyear to year, so
undoubtedly does the relative importance of mortality factors (e.g., Mack and Pyke
1984). Although a mortality factorcauses minor losses at a particular time or place, it
may cause major losses at another time and place, depending on changes in the
environment. Moreover, variability in magnitude andcauses of mortality can prevent
competitive exclusion of species, promoting increased community diversity (Crawley and
Pacala 1990). On the other hand, consistent mortality froma single factor can potentially
decrease population size (Louda 1989, Anderson 1989, Harper 1990), control population
spatial distribution (Tadros 1957,van Leeuwen 1989, Louda 1989, Augspurger 1990,
Reader and Beisner 1991) and influence community species composition (Borchertand
Jain 1978). Furthermore, mortality patterns influence the evolution ofa species by
determining the relative reproductivesuccess of individual plants. Note that this
evolutionary effect can occur even if specific mortality factors haveno impact on plant
population size (Crawley 1992, Anderson 1989).Seed fate studies
The handful of studies that have attemptedto quantify the post-dispersal fate of
seeds in natural vegetationvary in their degree of completeness (Table 1.1). Generally,
seed persistence and seedling survivalare measured, but rarely are mortality factors
determined, with the exception of predation (Table 1.1). This lackof seed fate studies
hampers our ability to generalize about seed and seedling mortalitypatterns. Knowledge
of these and other regeneration characteristics is essentialto predict population
distribution and abundance patterns and ultimately plant communityspecies composition
and diversity.
OBJECTIVES
The second chapter of this dissertation reviews the scientific literatureon the
post-dispersal fates of seeds and theprocesses controlling these fates, emphasizing
studies from grasslands. Specifically, Chapter 2 describes thepreviously known patterns
for each mortality factor (senescence, predation, microbial disease,interference, abiotic
environmental factors) and discusses the mechanisms by which seedsand seedlings resist
these mortality factors.
The objective of Chapter 3was to determine, using an experimental approach, the
magnitudes of post-dispersal seed fates and theprocesses controlling these fates for four
species common in western Oregon native prairies. The generalapproach was to sow
seeds of these four species into experimentally manipulated field plotsfor each of two
years, and to recover these seeds from the soil one year later to determine their fates.7
Table 1.1. Summary of measured post-dispersal seed fates and mortality factors.
Survival Mortality factors
Study seed seedlingcombinedpredationsenescence abioticdiseaseinterference
Lawrence and
Rediske 1962
(conifer forest)
Sarukhan 1974
(grassland)
van Baa len 1982
(forest clearings)
Pavone and
Reader 1982
(abandoned pasture)
Smith 1983
(deciduous forest
understory)
Holthuijuzen et al.
1987 (pastures)
Alvarez-Bullya and
Martinez-Ramos 1990
(tropical forest)
Kalisz 1991
(forest understory)
Hughes and Westoby
1992 (sclerophyll
vegetation)
Horvitz and Schemske
1994 (tropical forest)
Vander Wall 1994
(semi-desert
shrubland)
Chambers 1995
(alpine herbfields)8
The study species were twograsses, Bromus carinatus Hook and Arn. var.
carinatus H. and A. (native perennial bunchgrass) and Cynosurusechinatus L., (non-
native annual) and two dicots, Prune lla vulgarisvar. lanceolata (Barton) Fern.(native
perennial), and Daucus carota L., (non-native biennial).
Field experiments were conducted inan upland prairie, dominated by the native
bunchgrasses Festuca idahoensisvar. roemeri, Bromus carinatus var. carinatus and
Elymus glaucus. The site is one of the fewremnants of a vast prairie and oak-savanna
ecosystem that covered much of the Willamette Valley until the immigration of settlers
into Oregon beginning about the 1840's (Boag 1992).Diaries and letters of these settlers
report that extensive portions of Willamette Valley grasslandswere burned annually by
the indigenous Calapooia people to allow for easiertravel, hunting and gathering of food
plants (Boag 1992). These fires preventedtree and shrub establishment, thus maintaining
the grasslands.
Today these prairies and oak-savannasare considered among the rarest of western
Oregon's ecosystems, because of their destruction by agricultural, grazingand urban
activities. The remaining parcelsare threatened by invasion of both woody species and
non-native weeds. Managers of protected remnantswant to increase or maintain native
species in these prairies, while discouraging non-native invaders.Although the prairies
were historically maintained by burning, fire is not alwaysa feasible management tool
today because of environmental regulations and proximity ofprairies sites to urban areas.
Thus, alternatives, such as mowing, have been considered.Mowing can be effective in
reducing the abundance of woody plants, but the effecton seed regeneration of native
and non-native species in Valley prairies is generally unknown(but see Wilson and Clark9
1995). Chapter 5 investigates the effects of mowingon seed regeneration of the four
study species. The general approachwas to sow seeds of the four species into mowed
and unmowed field plots and tocompare regeneration from seeds between the treated and
untreated plots one year later.
Of all the factors causing seed and seedling death in naturalvegetation, microbial
disease is the least known. Given the substantial magnitudeof seedling death caused by
fungi in agricultural systems (Sewell 1981, Harman and Stasz1986), fungal disease is
likely to be a significant cause of the tremendous seedlingmortality rate in natural
ecosystems (Peart 1984, McConnaughay and Bazzaz 1987, Peart 1989, Thompson and
Baster 1992, Reader 1993). But the effect of fungion seeds and seedlings in natural
systems is rarely documented in natural vegetation (Burdon 1987, Kranz 1990), dueto
the inherent difficulties in ascribing seed and seedling lossesto one of several possible
mortality factors. In particular, quantifying disease effectsare especially difficult, e.g.,
distinguishing between saprophytic decay ofsenescent seeds and pathogenic attack on
seeds and seedlings. One potentially practical method for determiningthe magnitude of
death caused by fungi is to exclude fungi experimentally withfungicides (Burdon 1987,
Paul et al. 1989, Harper 1990). Chapter 4 investigates the magnitudeof seed and
seedling death caused by fungal disease for the study species. Theapproach used to
address this question included both field and pot experiments in whichsoil-borne
pathogens characteristically associated with seed and seedling deathswere chemically
excluded.10
Chapter 6 summarizes of the results of the three major research topics, (1) the
post-dispersal seed fates, (2) the effects of fungal diseaseon seeds and seedlings in
natural vegetation, and (3) the effects of mowingon survival of sowed seeds.
Several ancillary studies, described in the appendices,were necessary to complete
the main research investigations. Appendix 1 describesan experiment conducted to
determine whether the cages used in Chapters 3 and 5 had effectson seed survival other
than exclusion of vertebrate predators. Test results that determined possible adverse
fungicide effects on seed germinationare reported in Appendix 2. Appendix 3 describes
preliminary tests conducted to determine the efficacy of techniquesto retrieve seeds from
soil after sowing in field plots. Finally, the germinationpercentages of seeds stored in
the laboratory over a period of 2-3years are reported in Appendix 5.11
CHAPTER 2
LITERATURE REVIEW OF
POST-DISPERSAL SEED FATES IN GRASSLANDS
INTRODUCTION
The regeneration stage of a plants' life cycle is crucial in determiningthe
distribution and abundance of plant populations (Grubb 1977,Harper 1977, Grime 1979,
Werner 1979, Gross and Werner 1982, Smith 1983). Communitycomposition and
diversity are also influenced by differencesamong species in their regeneration
characteristics and safe-site requirements (Grubb 1977, Masuda and Washitani1990,
Grime and Hillier 1992). Furthermore, these differences inregeneration patterns can
affect successional patterns by determining the probability ofa species' seedlings
colonizing in communities of different successionalstages (Gross and Werner 1982, Olff
et al. 1994).
The survival of seeds is essential for successful regeneration. Measurementsthat
quantify the progressive mortality of seeds caused by different factorsmay allow
development of techniques that reduceor increase these losses, consequently controlling
the abundance of seedlings (e.g., Lawrence and Rediske 1962).Knowledge of
regeneration characteristics, then, isa key to successful exotic weed control, management
of natural resources, and the restoration and conservation ofnative species and habitats.
Even though studies on virtuallyevery aspect of seed biology demonstrate the
importance of species regeneration from seed, few studies follow thefate of individual
seeds. Following seed fates is difficult, becausemost seeds are small and inconspicuous.
The biotic and abiotic factors that influence seed death,seed persistence and seedling12
establishment are exceptionally difficultto analyze in natural populations. Thus,no
balance sheet exists that permitsaccounting for all the seeds thata plant produces
(Chambers and Mac Mahon 1994).
The model in Figure 2.1 outlines thepotential pathways that seeds follow after
dispersal. Seeds generally arriveon the soil surface, where they remain or move deeper
into the soil by burial. Persistentseeds are either dormant or quiescent until conditions
are appropriate for germination. Germinationcan occur immediately after dispersal or
after persistence in the soil seed bank.Death can occur at several points along the
pathway immediately after dispersalor after persistence in the soil, or during
germination and growth. Seeds die fromsenescence, predation, and microbial disease,
while seedlings die from microbialdisease, herbivory, interference from neighboring
plants, and abiotic factors.
The scope of this review is limitedto post-dispersal fates of seeds and the
processes influencing these fates, although pre-dispersalmortality and dispersal patterns
are important in determining regenerationpatterns and consequently, population and
community characteristics (Louda 1989,Chambers and Mac Mahan 1994). The review is
divided into three sections, each ofwhich discusses one seed fate, (1) death, (2)
germination and growthas seedlings, and (3) persistence as seeds. Mortality patterns and
the processes controlling seed andseedling death are presented first, because mortality
factors are integrated with andsubsequently determine the patterns of the othertwo seed
fates. The ecological patterns associatedwith each mortality factor are described and
then the mechanisms by which seedsand seedlings resist death by that factorare13
Figure 2.1. Model describing fates of seeds and theprocesses controlling the magnitudes
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discussed. Post-dispersal seed fates in grasslandsare emphasized, although examples
from other ecosystems are used when grassland examplesare not available.
SEED FATES
Mortality
Patterns of mortality
Mortality rates are probably highest during the seed and seedling phases ofa
plant's life (e.g., Sharitz and McCormick 1973, Watkinson 1978, Cook 1979, Hickman
1979, Cavers 1983). Generally, smallpercentages of the seeds produced by plants
emerge and establish as seedlings (Peart 1984, McConnaughay and Bazzaz 1987, Peart
1989, Thompson and Baster 1992, Reader 1993).
Demographic studies generally focus on the number of survivors at eachstage in
the life cycle, with little attention paid to thecauses of death (e.g., Burdon et al. 1983,
Lee and Hamrick 1983, Dolan and Sharitz 1984, Klemow and Raynal1985, Kachi and
Hirose 1985). In particular, studies rarely distinguish between thecauses of seed and
seedling death or quantify the relative magnitude of thesecauses for a particular species.
It is doubtful whether a whole schedule of mortality hasever been determined for any
plant species in natural vegetation (Harper 1990).
It is extremely difficult to determine thecauses of death for seeds and germinants
(pre-emergent seedlings), especially for small seeds under field conditions. Germination
of the seed at a depth from which it fails toemerge is the usual explanation for the large
number of seeds that fail to emerge inmany seed bank investigations (Schafer and
Chilcote 1970, Cook 1980, Murdoch and Roberts, 1982, Washitani 1985). But, because16
dead seeds and germinants decay in soil,death caused by senescence, microbial disease,
and fatal germination are indistinguishable.
Causes of seedling mortalityare also difficult to determine. When a young
seedling emerges, it may die withina few hours, leaving no detectable trace. Another
seedling may immediatelyemerge in the same place (Harper 1990). Even with dead
plant remains, it is often impossibleto assign a cause of death. Thus, only with
extremely tedious, almost continuous observation,such as with a video camera (Fenner
1987), could the true magnitude andcauses of seedling mortality be measured.
Nevertheless, a few studies have attemptedto determine causes of death by (1)
monitoring at frequent intervals and makingdeductions from available evidence, (2)
establishing correlations between mortality and relevantfactors, such as seedling density,
distance from parent, and density of surroundingvegetation, and (3) experimentally
manipulating mortality factors by altering theenvironment (Fenner 1987).
As environmental conditionsvary unpredictably from year to year, so
undoubtedly does the relative importance of mortalityfactors for a single species (e.g.,
Mack and Pyke 1984). Althougha mortality factor causes minor losses at a particular
time or place, it may cause major lossesat another time and place, depending on changes
in environment. Moreover, variability inmagnitude and causes of mortality can prevent
competitive exclusion of plant species, promotingincreased species diversity of the
community (Crawley and Pacala 1990). On the otherhand, consistent mortality from a
single factor can potentially decrease population size(Louda 1989, Anderson 1989,
Harper 1990), control the population spatialdistribution, (Tadros 1957, Janzen 1970, van
Leeuwen 1981, Louda 1989, Augspurger 1990) andinfluence community species17
composition (Borchert and Jain 1978). Furthermore, mortalitypatterns influence the
evolution of a species by determining the relative reproductivesuccess of individual
plants. Note that this evolutionary effectcan occur even when specific mortality factors
have no impact on plant population size (Crawley 1992, Anderson1989).
Senescence
Patterns of longevity
Many studies have attempted to determine the maximum lifespan of seeds using
(1) inferences made from associated materialsnear the seeds and from the time of last
known disturbance, (2) plant materials from herbarium sheets, and(3) experimental data
(reviews by Turner 1933, Harrington 1972, Priestly 1986). Seedage has been inferred
by estimating the age of the materials found associatedwith the seeds and of buildings
above the excavation site (Odum 1974). Age of buried seeds has alsobeen inferred from
the time of last known disturbance (Brenchly 1918, Livingstonand Allessio 1968).
Estimates of the longest lived seedsrange from 150 to several thousand years.
The best documented claims for longevityare those based on known seed
collection data and experiments. Theages of long-lived seeds taken from herbarium
sheets range from 158 years to more than 200 (Ramsbottom 1942,Turner 1933).
Members of the Fabaceae family commonly have the longest livedseeds. Other
estimates are based on experiments in which seedswere buried in the soil and samples
removed periodically over manyyears (Beal 1905, Darlington 1922, Turner 1933, Toole
and Brown 1946, Youngman 1951, Darlington and Steinbauer 1961,Kivilaan and18
Bandurski 1973). Seeds of several species survived 80-100years under these conditions
(Darlington and Steinbauer 1922, 1961, Kivilaan and Bandurski 1981).
Mechanisms
Senescence is death caused by physiologicalprocesses. Prior to death, as the seed
ages, metabolic processes gradually decline with increasing inactivation ofenzymes,
including those that control germination (Mayer and Poljakoff-Mayber1989). The
mechanism of seed aging is not fully understood, although several theories(reviews by
Roberts 1972, Priestly 1986) suggest various factorsare responsible for the generalized
degradation of membranes, polymers, and other systems within seeds(Harman and Stasz
1986, Mayer and Poljakoff-Mayber 1989). Genetics control the maximumlength of time
that seeds can remain viable (Mayer and Poljakoff-Mayber 1989).However,
environmental factors ultimately determine the physiological lifespan of any given seed,
i.e., whether the seed will remain viable for the full period allowed by itsgenome or
whether it will lose its viability atsome earlier stage. Generally, conditions that greatly
reduce metabolic activity, such as low temperatures and high carbon dioxide
concentrations, allow the longest seed viability (Mayer and Poljakoff-Mayber1989).
Specifically, species generally fall into threegroups based on the relationship between
environmental conditions and seed longevity. For seeds ofmost crops and many non-
cultivated species, seed longevity increases with decrease in seedstorage moisture
content and temperature in a quantifiable and predictableway (Roberts and Ellis 1982).
In contrast, recalcitrant seeds (e.g., seeds ofmany large seeded woody perennials) do not
survive desiccation (Roberts and Ellis 1982, Murdoch and Ellis 1992). The third19
category shows intermediate seed storage behavior fora limited number of species in
which low temperatures and further desiccation injure dry seeds(Murdoch and Ellis
1992).
Animal predation
Patterns of animal predation
The literature on post-dispersal predation and itsconsequences for plant
populations and communities is voluminous, with several thorough reviews(Janzen
1971, Price and Jenkins 1986, Louda 1989, Sallabanks and Courtney 1992, Crawley
1992). Documentation is extensive, showing tremendous losses ofpotential off-spring to
seed predators with 100% losses frequently recorded (Janzen 1971, Reichman1979,
Crawley 1983, 1992, Hendrix 1988). The magnitude of post-dispersalpredation for a
species varies considerably and is generally unpredictable (Louda1989, Hulme 1994).
The probability of predation varies with habitat, microhabitat, plant species,seed burial,
seed density, seed crop size, predator density,year, season, and the availability of
alternative food for generalist seed predators (Price and Heinz 1984,Thompson 1987,
Louda 1989, Willson and Whelan 1990, Reader and Beisner 1991, Crawley1992, Hulme
1994). Thus, the search for simple patternsto describe the causes and consequences of
variation in seed predation rates has been relatively unsuccessful (Crawley1992),
strongly suggesting that from a plant's "point of view", thereare few if any predictable
sites for escaping seed predators (Whelanet al. 1991).20
Agents
Animals consuming seedsrange from rodents, bats and birds to ants, ground
beetles, slugs, snails, and earthworms (Crawley1983, 1992). In contrast to pre-dispersal
predators, post-dispersal seed predators tendto be larger, more mobile, generalist
herbivores such as rodents and birds (Thompson1987, Crawley 1992.). Nevertheless,
larger insects like ants, lygaeid bugs and carabid beetlescan be significant post-dispersal
seed predators (Crawley 1992), particularly indeserts and nutrient poor communities
(Reichman 1979, Brown et al.1986). In grasslands,rodents are principal post-dispersal
seed predators (Hulme 1994) with the effects ofants and, particularly, other invertebrates
less well known (Thompson 1987).
Mechanisms resisting animal predation
Predation on large seeds, especially those with thin seedcoats, are generally
severe, much greater than those on small or hard coated seeds (Janzen 1971, Abramsky
1983, Louda 1989), possibly due to differencesin ease of handling by rodents or seed
nutrient content (Thompson 1985). Also, smallcompact seeds are more easily buried in
the soil than larger, more elongated seeds, thusreducing seed predation rates (Thompson
et al. 1993). But rodents, in contrast to ants and beetles, whichare strictly surface
foragers, can find and digup the larger size buried seeds (Abramsky 1979, Reichman
1979, Crawley 1992, Hulme 1994).
Many studies stress the importance of chemical defenses in protectingseeds from
disease, predation and herbivory (Ferenczy1956, Srivastava and Mishear 1971, Ha lloin
1983, Baker 1989, Waterman 1992). For example,a highly significant correlation exists21
between seed persistence of British species in the soil andconcentration of ortho-
dihydroxyphenol in the seeds (Hendry et al. 1994). Relativelyshort-lived seeds have
lower concentrations of ortho-dihydroxyphenols whilelonger-lived seeds (more than five
years persistence in seed bank) have higher ortho-dihydroxyphenol concentrations
(Hendry et al. 1994). Phenolic compounds resist bacterial andfungal attack in in vitro
studies, and possibly deter predation and herbivory by insects(Feeny 1970), molluscs
(Mott 1987), mammals (Tahvanainen et al. 1985). Of the 21 species with thelowest
ortho-dihydroxyphenol concentration, 14were grasses that generally do not form
persistent seed banks (Hendry et al. 1994). Furthermore, the higherthe nutritional
(protein) value of the seed, the greater the concentration of the defensecompound, ortho-
dihydroxyphenol (Hendry et al. 1994). Thus, these correlationssuggest that presence of
ortho-dihydroxyphenol deters seed predation, promoting seed persistence in the soil.
Microbial disease
Patterns of microbial disease
In contrast to the multitude of predation studies, ecological studies that quantify
seed and seedling mortality by microbial pathogens in naturalvegetation are rare (Burdon
1987, Kremer 1993). This lack of documentation results from difficulties ofquantifying
disease effects, e.g., distinguishing between saprophytic decay ofsenescent seeds and
pathogenic attack of seeds and seedlings. But given the substantial magnitudeof
seedling death caused by microbial pathogens in agriculturalsystems (Sewell 1981,
Harman and Stasz 1986), pathogensare likely to be a significant cause of the high22
seedling mortality rates in naturalecosystems (Peart 1984, McConnaughay and Bazzaz
1987, Peart 1984, Thompson and Baster 1992, Reader1993).
Microbial decay of seeds and germinants is assumedto cause significant
unexplained losses in many seed bank studies (e.g., Robertsand Feast 1972). Direct
evidence for death by microbescomes from buried seed studies that quantify the survival
of seeds in the soil seed bankor describe seed dormancy patterns (Zorner et al. 1984,
Washitani 1985, Granstrom 1987, Pons 1989, 1991, Bridgemohanet al. 1991, Pierce and
Cowling 1991, Crist and Friese 1993). Generally, seeds enclosedin bags were buried in
the soil, retrieved at regular intervals, and the numberof germinants, and viable and dead
seeds quantified. Frequently, the percentage of decayed seedswas high, but the
investigations did not determine whether decaywas saprophytic or pathogenic.
The rare studies investigatingcauses of seedling mortality by fungi in natural
vegetation describe significant mortality by fungi(Lawrence and Rediske 1962, Mack
and Pyke 1984, Augspurger 1990). Fungi accounted forthe greater part of seed loss
during the pre-germination period of Douglas-fir seedsand were also the principle cause
of Douglas-fir seedling death (Lawrence and Rediske 1962).Fungal disease (damping-
off) ranked from high to very low in importance relativeto other mortality factors in a
series of studies involving tropical tree seedlings (Augspurger1990). A significant
number of Bromus tectorum seedlings died froman infestation of a smut, Ustilago
bullata, over a three year period ina semi-arid grassland (Mack and Pyke 1984).23
Agents
Although seeds are common vectors of bacteria andviruses (Neegarrd 1977),
rarely do studies report death of dispersedseeds or seedlings caused by bacterial or viral
diseases in agricultural systems. Incontrast, many studies investigating seed-bacteria
interactions report antagonistic reactions byseedborne bacteria against fungi, potentially
protecting the seed from fungal disease (Liu and Vaughan1965, Kremer et al. 1984,
Bruehl 1987).
Pathogens of the genera, Pythium, Phytophthora,Rhizoctonia, and Fusarium, are
known to be major causes of seed and seedlingdeath in agricultural systems, and are
among the most ubiquitous of soilborne fungi (Sewell 1981, Harman and Stasz 1986,
Bruehl 1987, Kranz 1990). Yet the effect ofthese pathogens on seeds and seedlings in
natural systems is rarely documented, dueto the inherent difficulties in determining
cause of death (Burdon 1987, Burdon and Shattock 1980).
Water soluble exudates from seeds and plantroots are the major sources of
nutrients for many of these soil-inhabitingfungi are (Harman and Stasz 1986). These
exudates stimulate germination of fungalspores and mycelia' growth, promoting
infection (Sewell 1981, Harman and Stu1986, Burdon 1987). When physiological
aging, weathering, or mechanical damage reducethe integrity of the seed coat, the
amount of exudate may increase, increasing the susceptibility of the seedto microbial
attack (Ha lloin 1983).
Because dormant seeds have little physiological activity, theamount of exudate is
small, potentially rendering dormant seedsvirtually "invisible" to many soilborne
pathogens, and thus, minimizing mortality (Burdon andShattock 1980, Sewell 1981).24
But the cell membrane integrity gradually declinesas dormant seeds age, resulting in
nutrient loss into the surrounding environment, whichsimulates the fungal and bacterial
growth, increasing the risk of pathogen attack (Burdon andShattock 1980, Burdon 1987).
Thus, microorganisms may preferentially colonize anddecay seeds that are inferior in
quality or are already dying physiologically, acceleratingloss of older potentially non-
viable seeds rather than killing viable seeds (Burdon 1987).No studies clearly
distinguish between decay caused by microbial pathogens and thatoccurring after seeds
die (Harman and Stasz 1986, Kremer 1993).
Seeds also produce exudate during germination. Exudationrates immediately
increase at imbibition, releasing soluble organic and inorganicsubstances, including a
variety of sugars and amino acids (Lynch 1978, Burdon and Shattock1980, Anderson
and Baker 1983, Harman 1983, Burdon 1987). Numerous examplesof fungal
stimulation by these exudates during imbibitionare available (Sewell 1981, Harman and
Staz 1986, Burdon 1987). Thus, germinantsappear to have greater risk of pathogen
attack caused by the stimulation of fungalspore germination and mycelial growth
compared to young dormant seeds.
Mechanisms resisting microbial disease
The most important component in seed resistance ofmany crop species to
pathogens is a structural defense, the seed coat (Ha lloin 1983). Resistance innon-crop
species may occur in a similarmanner, but little quantitative information exists (Kremer
1993). Hard-seed coats consist ofa continuous layer of densely packed palisade layers
that are mechanical barriers, similar to plant epidermal cells, preventingfungal25
penetration (Ha lloin 1983, Kremer et al. 1984). Once thesehard coats are damaged,
fungi readily infect the seeds (Harman1983, Hal loin 1983).
Other resistance mechanisms include chemical defenses such toxiccompounds in
the seed and seed coat (Rice 1984). Seeds of legumescommonly contain alkaloids,
which are extremely fungistatic (Baker 1989).Broad-spectrum toxins to microbes
include phenolic compounds (Kremer 1993). Both seeds andvegetative parts of plant
produce phytoalexins, another chemical resistancemechanism, in response to fungal
infection (Keen 1975, Harman 1975).
In addition to structural and chemical defenses, associations withmicroflora
inhibit seed decay by fungi. Microflora, suchas fluorescentPseudomonas spp.,
Enterobacter cloacae, Bacillus subtilis and Streptomycesspp., easily colonize seeds and
are antagonistic to various seed rotting fungi (Kremer et al. 1984, Bruehl 1987). Several
mechanisms explain how seedborne microorganismsprotect against disease. If the
seedborne microflora are present in great numbers andcan respond quickly to exudates,
they consume the exudates before these exudatescan overcome fungistasis of pathogenic
propagules in the soil (Bruehl 1987). The seed microfloracan rapidly produce
antibiotics, inhibiting some pathogens (Bruehl 1987). Slightlypathogenic microflora can
elicit an incompatible hostresponse, giving the seed temporary resistance to more
virulent pathogens (Bruehl 1987). Antagonistic microflora alsocan compete with the
pathogenic fungi for essential growth factorsor for infection sites (Bruehl 1987).26
Interference
Patterns
Interference is used to refer to the overall adverse influence ofone plant on
another, thus encompassing both competition, which involves the reductionof resources
needed by a neighboring plant, and allelopathy, which refersto the biochemical
interactions between organisms caused by the addition ofa toxic chemical compound to
the environment by one of the organisms (Rice 1984).
Generally, few seeds successfully germinate andgrow in dense unmowed
grasslands. Most seedlings need small patches of bare soilor short turf, but even here
seedling survival can be restricted to species with relatively large seeds(Fenner 1978,
Gross and Werner 1982, Gross 1984, Winn 1985, McConnaughay andBazzaz 1987,
Peart 1989, Silvertown and Tremlett 1989, Reader 1991, Thompson and Baster 1992,
Wilson and Gerry 1995). The small patches allow seedlings to avoid death apparently
caused by competition for space, light, nutrients, and/or water.
Competitive outcomes between seedlings and neighboring plantsmay be
influenced by the formation of mycorrhizae (Janos 1980). The failureto form
mycorrhizae, or even a delay in formation,may put a seedling at a competitive
disadvantage, particularly in nutrientpoor soils (Janos 1980). The magnitude of death
due to lack of mycorrhizal formation for grassland species is unknown.
Although competition is a major factor in determining spatial distribution of
plants, Rice (1984) suggests that allelopathy probably also playsa role in most, if not all,
vegetation spatial distributions. Numerous studies have implicated allelopathyas a major
cause of seedling mortality in grasslands (Rice 1984).27
Mechanisms resisting death by interference
Species with small seeds (<1 mg)are often unable to establish in competition
with perennial vegetation (Gross and Werner 1982, Reader1993, Gross 1984, Winn
1985). In contrast, Thompson and Baster (1992) andFenner (1978), report that seed
weight has little effect on seedling establishmentsuccess.
Plants can resist competition between seedlings and mature neighboring plantsby
delaying seed germination until conditionsare appropriate for promoting maximum
seedling survival. One mechanism, canopy-induced seed dormancy,prevents seed
germination as long as the seed is shaded by surrounding plants. The lightfiltering
through a leaf canopy is richer in wavelengths from the far-red end of thespectrum (700-
800) and poorer in those from the red end (620-680) comparedto full daylight (Pons
1992). The plant photoreceptor phytochrome detects the low red/far-redratios caused by
shading from neighboring plants and induces seed dormancy, preventing germination
under highly competitive conditions (Pons 1992). Only whengaps occur in vegetation is
seed dormancy broken by the high red/far-red ratios resulting from unmodifieddaylight
(Pons 1992). In laboratory studies, leaf filtered light induced seeddormancy in 17 of 27
grassland species (Silvertown 1980), but few studies have confirmed the potentialeffects
of grassland canopy inhibition of germination under field conditions(Pons 1992, but see
Deregibus et al. 1994).
Alternative mechanism by which seeds "detect"gaps in vegetation are related to
fire. For some species, there isa lack of seed germination until a fire occurs. Heat from
the fire, smoke, or chemicals leached from the charate stimulate seedgermination at a28
time when competition from surrounding vegetationis decreased (Keeley et al. 1985,
Bell et al. 1987, Dixon et al. 1995).
Abiotic environmental factors
Patterns
Abiotic factors that directly kill seeds include crushing, burning(Peart 1984),
desiccation (Murdoch and Ellis 1992), andextreme temperatures (Murdoch and Ellis
1992). Additional abiotic factors that kill seedlings include drought (Mackand Pyke
1984, Soriano and Sala 1986), frost heaving (Mack andPyke 1984), nutrient shortages
(Grime and Curtis 1976, Chambers et al. 1990), seed burialtoo deep for emergence
(Cook 1980), mechanical inhibition by litter (Bergelson 1990),and poor radicle contact
with the soil (Peart 1984). It is unlikely that abioticprocesses cause many seed deaths
compared to rate of seedling deaths, because of thegreater vulnerability of seedlings to
these abiotic processes. Fenner (1987)suggests that abiotic factors may cause
proportionally more seedling deaths in harsh habitats comparedto more mesic habitats,
where biotic factors such as grazing and competitionmay kill more seedlings (e.g.,
Sharitz and McCormick 1973).
Mechanisms resisting death by abiotic factors
Many of the abiotic factors causing seedling deathcan be ameliorated by
dispersal patterns and by germination requirementsor timing. For example, most of the
northern British species tested failed to germinateat low temperatures, indicating that the
high temperatures required for germination is caused by naturalselection restricting29
germination to the short but relatively favorablesummer (Grime et al. 1981). A high
proportion of the species generally found in southern Britain germinated,however, at the
lower temperatures and generally had widertemperature ranges for germination
compared to the northern species (Grime et al. 1981).
Seed dormancy status often cycles with theseasons, low dormancy correlating
with optimal conditions for germination and seedling establishment(Angevine and
Chabot 1980, Karssen 1982, Baskin and Baskin 1985, 1989, Fenner 1987, Masudaand
Wahsitani 1990, Olff et al. 1994). For example, in habitats with hightemperatures and
low moisture during the growingseason, species show a drought-avoiding germination
syndrome (Angevine and Chabot 1980). Dispersed seedsare initially dormant with a low
temperature requirement for germination. Later in the summer, seedsare no longer
dormant, but temperature requirements for germination generally remainlower than that
of the surrounding environment. Sometimes,a germination requirement for extra
moisture may also develop. As temperatures decrease and the optimal germination
temperature requirement increases during latesummer, germination occurs and seedlings
grow through the cooler, moister autumn and winter months, with flowering of annuals
in early spring (Angevine and Chabot 1980).
Appendages (e.g. awns) on diaspores increase survival during germination by
anchoring the diaspore to the soil (Peart 1984), decreasing the probability ofdehydration
by the emerging radicle (Harper et al. 1955). For seeds withno anchoring devices, soil
contact increased with burial (Peart 1984). But because burialcan be slow or infrequent,
a mechanism, such as dormancy, that delays germination until effective burialoccurs is
necessary (Peart 1984). Most awned grasses in this study (Peart 1984) germinated30
rapidly when supplied with moisture and suitabletemperature, in contrast to most
unawned species, which exhibited dormancy (Peart 1984). Likewise, rapidgermination
of many British species is positively correlated with thepresence of a pappus, conical
seed shape (Asteraceae), hygroscopicawns (Poaceae), and antrose hairs or teeth
(Asteraceae and Poaceae) (Grime et al. 1981).
Germination and growth
Patterns and mechanisms
Generally, small percentages of the seeds produced by plantsemerge and
establish as seedlings (Peart 1984, McConnaughay and Bazzaz 1987, Peart 1989,
Thompson and Baster 1992, Reader 1993). The mechanisms by which seedlingsresist
mortality factors, such as predation, microbial disease, abiotic factors, and interference,
have been previously discussed in the mortality section. This sectionfocuses on the
description of the biological processes (1) germination, which initiates the development
of seeds into seedlings, and (2) dormancy, which inhibits germination.
Germination
Germination is the process in which a dry quiescent seed, inresponse to water
uptake, increases metabolic activity and initiates the formation ofa seedling from the
embryo (Mayer and Poljakoff-Mayber 1989). Exactly when germination ends and
growth begins is difficult to define. Commonly, the end of germination is identifiedby
emergence of the radicle from the seed coat (Come and Thevenot 1982, Mayer and
Poljakoff-Mayber 1989). Radicle elongation characterizes the transition froma31
reversible physiological state toan irreversible state, because, generally, once the radicle
pierces the seed coat dehydration will kill the plant. Consequently, this evidence of
irreversibility distinguishes growth from germination. Thus, the timeat which imbibed
seeds cannot be dried again without damage is definedas the stage at which germination
ends and the embryo becomes a germinantor seedling (Come and Thevenot 1982, Mayer
and Poljakoff-Mayber 1989).
A seed becomes a germinant once germination ends, but the point at which it
ceases to be a seedling is much less clear. Generally, it is unsatisfactory to say a young
plant is no longer a seedling when it becomes independent of its seed's nutrientreserves
because the reserves of different nutrientsare depleted at different rates (Fenner 1987).
This definition is also impractical for field ecologists, because it isnot possible to
determine in the field whether theyoung plants are still mobilizing internal reserves.
Morphological characteristics are not particularly helpful because of the diversity of
seedling morphology (Fenner 1987). Thus,most investigators define seedling in the
context of their own study.
Dormancy
For germination to begin, the following requirements must be met: adequate
supply of water, appropriate temperatures, appropriate composition of atmosphericgases,
and light (for certain species) (Come and Thevenot 1982, Mayer and Poljakoff-Mayber
1989). If these requirements are not met, germination doesnot occur and the seed is
considered to be quiescent. Seed dormancy,as distinct from quiescence, is caused by
some block to germination within the imbibed seed.32
Physiological blocks cause embryo dormancy andprevent seed germination, even
if the seed's covering structures have been removed(Come and Thevenot 1982). The
mechanisms of these physiological blocksare not fully understood (Bewley and Black
1982), but are related to embryo immaturity, specialrequirements for temperature and
light, and the presence of substances inhibiting germination(Come and Thevenot 1982,
Baskin and Baskin 1989, Mayer and Poljakoff-Mayber1989, Murdoch and Ellis 1992 ).
Mechanical blocks, such as a hard seedcoat, may prevent a non-dormant embryo from
germinating (Come and Thevenot 1982), by preventingpassage of water and gases
necessary for germination or mechanically constraining the embryo (Mayer and
Poljakoff-Mayber 1989, Kremer 1993). Thistype of dormancy is sometimes defined as
inhibition of germination (Come and Thevenot 1982).
Primary or innate dormancy is the term used to describea dormant seed at the
time of dispersal (Harper 1977, Come and Thevenot 1982, Baskinand Baskin 1985,
1989). After-ripening is theprocess by which some seeds loses primary or innate
dormancy (Karseen 1982, Baskin and Baskin 1989, Mayer andPoljakoff-Mayber 1989,
Murdoch and Ellis 1992). Wheneveran embryo that has lost primary dormancy is placed
under conditions preventing germination, certain factorscan cause some embryos to lose
the capacity to germinate and again become dormant(Karseen 1982, Baskin and Baskin
1989). This new state is called secondary dormancyor induced dormancy (Harper 1977,
Come and Thevenot 1982, Baskin and Baskin 1985).
As seeds after-ripen, they pass througha series of states known as conditional
dormancy (Baskin and Baskin 1989) before finally becomingnondormant. Initially, as
seeds move from dormancy to non-dormancy, seedscan germinate over only a very33
narrow range of environmental conditions. After the after-ripeningprocesses are
completed, seeds are nondormant andcan germinate over the widest range of
environmental conditions possible for the species. Then seedsenter secondary dormancy
and the conditions over which theycan germinate narrow until the seeds can no longer
germinate under any conditions. Thus, seeds exhibita continuum of changes as they pass
from dormancy to nondormancy and from nondormancyto dormancy (Karssen 1982,
Baskin and Baskin 1985, 1989).
Persistence
Patterns of seed persistence
Grassland seed banks are relatively large (287- 31,344 seeds perm2) compared
to seed banks of other ecosystems (Rice 1989). They containa larger proportion of
annuals than perennials, generallymore forbs than grasses, with many leguminous, hard-
seeded species (Rice 1989, Baker 1989). Weedyor fugitive species that colonize
disturbances or gaps in vegetationare among the largest component of grassland seed
banks (Louda 1989, Rice 1989).
Bakker (1989, cited by Thompson 1987) distinguishes between short-term
persistent seed banks, which are relatively short-lived (1-5 years) andcan maintain
populations after poor seed production, and long-term persistent seedbanks (> 5 years),
which can contribute to the population regeneration aftertheir extinction from the
aboveground vegetation.34
Mechanisms by which seeds persist in the soil
To persist in the soil, seeds must first havea genetic makeup for longevity, must
avoid death by tolerating abiotic factors in the soil, resisting disease andpredation, and
finally must delay germination. Theseprocesses by which seeds avoid death and delay
germination have been previously discussed in this chapter. The following
generalizations emerge from these discussions.
Most species that possess persistent seed banks have seeds< 1 mg in mass, while
those species with larger seeds, especially those with thinseed coats, possess only
transient seed banks (persistence in the soil less thanone year) (Thompson and Grime
1979, Louda 1989, Thompson 1987). Seedor fruit weight and the extent to which the
seed or fruit shape differs from sphericityare correlated with persistence in the soil seed
bank of British herbaceous species (Thompsonet al. 1993). Thompson et al. 1993
showed that compact spherical seedsor fruits that weigh less than 3 mg generally form
long-term persistent seeds banks. Other studies show thatgrass seeds that do not
maintain persistent seed banksare large and attenuated, often with awns and retrose hairs
(Thompson 1987).
The mechanism underlying the above relationship between morphological
characteristics and seed persistence is likelyease of burial. Smaller, rounder seeds have a
greater probability of burial into the soil than large attenuated seeds (Peart 1984,
Thompson et al. 1993). Burial, by preventing lightexposure, can induce secondary
dormancy in seeds (Pons 1991), inhibiting germination (Pons 1991) andpromoting seed
persistence. Burial also reduces the risk from fire (Peart 1984) and predation(Reichman35
1979, Crawley 1992, Hulme 1994), potentiallyincreasing persistence in the soil seed
bank.
Decreased mortality is not sufficient for longterm persistence, however, if seeds
lack dormancy mechanisms andcan germinate rapidly under a wide range of conditions.
Comparisons made between species with persistent andtransient seed banks show that
species with persistent seed banks have seedsthat show 50% or less germination
immediately after dispersal and require mechanismssuch as scarification, chilling, or
exposure to light to break dormancy, in contrast to species with transient seed banks,
whose seeds show more than 50% germination afterdispersal and require no dormancy
breaking mechanisms (Grime 1989).
SEED FATE STUDIES
Many "seed fate" studies focuson quantifying seed survival in soil seed banks or
describe seed dormancy patterns of buried seeds(Zorrner et al. 1984, Washitani 1985,
Granstrom 1987, van Esso and Ghersa 1989, Pons 1989,1991, Bridgemohan et al. 1991,
Pierce and Cowling 1991, Crist and Friese 1993).Generally, seeds enclosed in bags
were buried in the soil (protected from animal predators), retrieved at regular intervals,
and seed status quantified. The number of viable, non-viableand germinated seeds were
counted, but the methodology did not allow for distinctionbetween germinants that
would have successfully establishedas seedlings and those that would not have
established (but, see Pierce and Cowling 1991). Moreover,many seeds and germinants
decayed, but the investigations did not determine if the decaywas saprophytic or
pathogenic decay, and thus, the extent of microbial diseasewas unknown.36
An investigation by Lawrence and Rediske (1962) israre in measuring seed fates
and multiple mortality factors in a single study. Few Douglas-fir(Pseudotsuga
menziesii) seeds (<25%) survivedas seeds or seedlings with most death occurring before
the start of germination (Lawrence and Rediske 1962). The mortalityfactors measured
included death by fungi, insects, rodents and birds. Fungi accountedfor the greater part
of seed loss during the pre-germination period andwere also the principle cause of
seedling mortality (Lawrence and Rediske 1962). The importance offungi and ground
insects in causing mortality of Douglas-fir seedswas unrecognized until these
quantitative studies were done, thus, emphasizing the importance ofquantifying each
process influencing seed fate pathways.
The success of Lawrence and Rediske (1962) in quantifying seed fateswas
attributable mainly to the technique by which they recovered the sowedseeds. Sowed
seeds were tagged with Sc46 and later located witha scintillator. Radio-tagging was
effective in accounting for more than 95 percent of seed in controlledtest plots
(Lawrence and Rediske 1962). Moreover, in contrast to seeds ofmost species, the causes
of death for Douglas-fir seeds could easily be determined by theappearance and the
condition of the recovered seed or seed hull.
The handful of studies that have attempted to quantify the post-dispersal fate of
seeds in natural vegetation vary in their degree of completeness (Table2.1). Generally,
seed persistence and seedling survivalare measured, but rarely are mortality factors
determined with the exception of predation (Table 2.1). This lack of seed fate studies
hampers our ability to make generalizations about seed and seedling mortalitypatterns.
Knowledge of these and other regeneration characteristicsare essential for prediction of37
population distribution and abundancepatterns and ultimately plant community species
composition and diversity.38
Table 2.1. Summary of measured post-dispersal seed fates and mortalityfactors.
Study
Survival Mortality factors
seed seedlingcombinedpredationsenescence abioticdiseaseinterference
Lawrence and
Rediske 1962
(conifer forest)
Sarukhan 1974
(grassland)
van Baalen 1982
(forest clearings)
Pavone and
Reader 1982
(abandoned pasture)
Smith 1983
(deciduous forest
understory)
Holthuijuzen et al.
1986 (pastures)
Alvarez-Bullya and
Martinez-Ramos 1990
(tropical forest)
Kalisz 1991
(forest understory)
Hughes and Westoby
1992 (sclerophyll
vegetation)
Horvitz and Schemske
1994 (tropical forest)
Vander Wall 1994 (semi-
desert shrubland)
Chambers 1995
(alpine herbfields)39
CHAPTER 3
POST-DISPERSAL SEED FATES
IN A WESTERN OREGON NATIVE PRAIRIE
INTRODUCTION
Rationale
Events that occur during the regeneration stage of plants' life cyclesare crucial in
determining the distribution and abundance of plant populations (Grubb 1977,Harper
1977, Grime 1979, Werner 1979, Gross and Werner 1982, Smith 1983).Community
composition and diversity are also influenced by differencesamong species in their
regeneration characteristics and safe-site requirements (Grubb 1977,Masuda and
Washitani 1990, Grime 1992). Furthermore, these differences in regenerationpatterns
affect successional patterns by determining the probability ofa species seedlings
colonizing in communities of different successionalstages (Gross and Werner 1982, Olff
et al. 1994).
The survival of seeds is essential for successful regeneration. Measurements that
quantify the progressive mortality of seeds caused by different factorsmay allow
development of techniques that reduceor increase these losses, consequently controlling
the abundance of seedlings (e.g., Lawrence and Rediske 1962). Thisknowledge of
regeneration characteristics, then, is a key to successful exotic weed control,management
of natural resources, and the restoration and conservation of native speciesand habitats.
Even though the multitude of studieson every aspect of seed biology demonstrate
the importance of species regeneration from seeds, few studies follow the fateof
individual seeds. Following seed fates is difficult, becausemost seeds are small and40
inconspicuous. The biotic and abiotic factors that influence seed death,seed persistence,
and seedling establishment are exceptionally difficultto analyze in natural populations.
Thus, no balance sheet exists that permits accounting for all the seedsthat a plant
produces (Chambers and Mac Mahon 1994).
Model
The model in Figure 3.1 outlines the potential pathways that seedsfollow after
dispersal. Seeds generally arrive on the soil surface, where theymay remain or move
deeper into the soil by burial. Persistent seedsare either dormant or quiescent until
conditions are appropriate for germination. Germinationcan occur immediately after
dispersal or after persistence in the soil. Deathcan occur at several points along the
pathway: immediately after dispersal, after persistence in the soil,or during germination
and growth. Seeds die from senescence, predation, and microbialdisease, while
seedlings die from microbial disease, herbivory, interference from neighboringplants,
and abiotic factors.
It is extremely difficult to determine thecauses of death for seeds and germinants
(pre-emergent seedlings), especially for small seeds under field conditions. Germination
of the seed at a depth from which it fails toemerge is a common explanation for the large
number of buried seeds that fail toemerge in most seed bank studies (Cook 1980,
Murdoch 1983, Washitani 1985). But, because both dead seeds andgerminants decay in
the soil, death caused by senescence, pathogenic attack, and fatal germinationare
indistinguishable. Causes of seedling mortalityare also difficult to determine. When a41
Figure 3.1. Model describing fates of seedsand the processes controlling the magnitudes
of these fates.Seeds on
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young seedling emerges, it may die in a few hours, leavingno detectable trace. Another
seedling may immediatelyemerge in the same place. Even with dead plant's remains, it
is often impossible to assigna cause of death.
As environmental conditions vary unpredictably fromyear to year, so
undoubtedly does the relative importance of mortalityfactors (e.g., Mack and Pyke
1984). Although a mortality factorcauses minor losses at a particular time or place, it
may cause major losses at another time and place, dependingon changes in
environmental conditions. Moreover, variability in magnitudeand causes of mortality
can prevent competitive exclusion of plant species, promoting increased species diversity
of the community (Crawley and Pacala 1990).On the other hand, consistent mortality
from a single factor can potentially decrease populationsize (Louda 1989, Anderson
1989, Harper 1990), control the population spatial distribution(Tadros 1957, van
Leeuwen 1989, Louda 1989, Augspurger 1990, Reader andBeisner 1991) and influence
community species composition (Borchert and Jain 1978). Furthermore,mortality
patterns influence the evolution of a species by determining the relative reproductive
success of individual plants. Note that this evolutionary effectcan occur even when
specific mortality factors have no impacton plant population size (Crawley 1992,
Anderson 1989).
Goal and objectives
The goal of this study was to determine, usingan experimental approach, the
magnitudes of post-dispersal seed fates and theprocesses controlling these fates for four
species of western Oregon native prairies. The general approachwas to sow seeds of44
four prairie species into experimentallymanipulated field plots in each of two years, and
to determine their fates one year later. The specific objectiveswere:
1.To estimate the numbers of senescent and dormant seeds by testingviability
of seeds retrieved from soil samplesone year after sowing into field subplots.
2.To estimate the number of seedlings establishing by directly counting
seedlings in the field subplots oneyear after sowing seeds into field plots.
3.To estimate mortality from vertebrate predation by comparing the magnitude
of dead seeds and seedlings between caged and uncaged field subplots.
4.To estimate mortality caused by fungal disease by comparing themagnitude
of dead seeds and seedlings between fungicide treated and untreated subplots.
5.To estimate the number of seeds moving outside field subplots, by
calculating the number of seed surrogates that could not be recoveredone year
after sowing.
METHODS AND ANALYSIS
Study site
The study site is an upland prairie with silty clay loam (Dixonville soil series)
dominated by native bunchgrasses, Festuca idahoensisvar. roemeri, Bromus carinatus,
and Elymus glaucus. This site, part of Open Space Park managedby Benton County
Parks, is located approximately 8 kilometers northwest of Corvallis,Oregon, in the
foothills of the Coast Range (T11S, R6W, Sec 25, W.M.). Theelevation is
approximately 300 m, with a 30-50% slope witha westward aspect. The site is one of
the few remnants of a vast prairie and oak-savannaecosystem that covered much of the45
Willamette Valley until after the 1840s (Boag 1992). Theentire Willamette Valley has a
fairly homogeneous climate characterized by mild,wet winters, moderate and dry
summers, and cool nights. Measurements made in Corvallis (Owenby and Ezell 1992)
show the average annual precipitation is 108cm, average maximum January temperature
is 7.5°C, and maximumaverage July temperature 26.8° C. The average precipitation
during the first year of this study (June 1991-May 1992)was 6.14 cm and for the second
year (June 1992-May 1993), 8.84 cm (George Taylor, OR State Climatologist). The
average maximum temperature for January 1992 was 9.7°C and for January 1993, 5.3°C.
The average maximum temperature for July 1992was 27.8°C and for July 1993, 23.2°C.
Study species
The four study species, Bromus carinatus Hook and Arn.var. carinatus,
Cynosurus echinatus L., Daucus carota L., and Prunella vulgarisvar. lanceolata
(Barton) Fern. are dominant at the study site (Table 3.1). The criteria forspecies
selection were that the study species (1)represent a variety of life histories, (2) be
common and abundant in western Oregon prairies, and (3) produce sufficient seeds for
the research. Nomenclature follows Hitchcock and Cronquist (1973).
The Eurasian Prunella vulgaris var. vulgaris has the middle cauline leaves about
half as wide as long, with broadly rounded base. Itgrows in the Northwest occasionally
in disturbed sites, where it is often dwarfed andprostrate (Hitchcock and Cronquist
1973). The native American Prunella vulgarisvar. lanceolata is ascending or erect, with
middle cauline leaves about a thirdas wide as long and more tapering toward the base
(Hitchcock and Cronquist 1973). The variety that iscommon in undisturbed habitats in46
Oregon is generally considered to be the nativeone (H. Chambers 1995, personal
communication).
Table 3.1. Description of the four study species.
Species Family
Native
to Oregon? Life-span
Seed
description
Bromus carinatus var. carinatus Poaceae yes perennial awned
Cynosurus echinatus Poaceae no annual awned
Prunella vulgaris var. lanceolata Labiatae yes perennial hard-seeded
Daucus carota Apiaceae no biennial barbed
Throughout this study, the study species will be referredto as Bromus carinatus,
Cynosurus echinatus, Daucus carota and Prunella vulgaris. Althoughthe term seed is
used in this study, it refers to the diaspore, i.e.,the seed and any associated structures.
Experimental design
Year one, 1991-1992
In mid-July, 1991, twenty 2.2 m x 2.2m blocks were randomly located at the
study site. Ten of these blockswere mowed as part of a different study (Chapter 5). The
ten unmowed blocks were used in this present studyto estimate seed fates. Within each
block, five plots (25 cm x 35 cm)were randomly placed. The following treatments
(described in detail below) were randomly appliedto one plot of the five plots within
each block: 1) cage and fungicide, 2)cage and no fungicide, 3) no cage and fungicide, 4)
no cage and no fungicide, and 5) sham cage and no fungicide.47
Four subplots, each 5 cm in diameter,were located and permanently marked with
nails within each plot. Twenty-five seeds ofone species were sowed into a subplot
immediately following seed collectionat the study site. Seedling data were not collected
on all the fungicide treated plots due to time constraints, resulting in unequal samples
sizes for seedling counts:n = 3 for fungicide treated plots and n = 10 for the untreated
plots.
Year two, 1992-1993
In late July, 1992, twenty 2.2m x 2.2. m blocks were randomly placed at the
study site. With each block, two plots (25cm x 35 cm) were randomly placed. One plot
was caged as described below and the other plot remained uncaged. Fungicide
treatments were not applied the secondyear. Four subplots, each 5 cm in diameter, were
located and permanently marked with nailswithin each plot. Twenty seeds of one
species were sowed into a subplot immediately followingseed collection at the study
site.
Treatments
Caging treatment
To exclude vertebrate predators,cages (approximately 35 cm x 25 cm x 30 cm
high) were made of galvanized metal mesh (1.25cm) with the bottom edge sunk into the
ground about 2.5 4 cm. To exclude invertebratepredators, "Tanglefoot" TM, a sticky
substance manufactured to trap insects,was applied to the bottom edge of the exclosure
up to a height of 2.5 cm and to the soil surface adjacent to the outside edge of the48
exclosures. However, insects hadaccess to inside of the cages because of overhanging
vegetation, particularly grasses. Thus "Tanglefoot" TMmay have only deterred insects
without excluding them. For thisreason, "Tanglefoot" TM was not applied second year.
To test for cage effects other than exclusion of vertebrate predators,sham cages
were constructed with one side open, allowing entry of vertebrate predators. Survival of
seeds and seedlings did not differ significantly between the shamcage treatment and the
unmanipulated treatment (Appendix 1).
Fungicide treatment
The two fungicides used for the fungicidetreatment were metalaxyl, N-(2, 6-
dimethylpheny1)-N-(methoxyacetyl) alanine methyl ester and, Captan, N-tricholoro-
methylthio-4-cyclohexene-1,2, dicarboximide. Both fungicidesare commonly used to
prevent pre- and post-emergence damping-off of seedlings caused by fungi (USEPA
1975, Jeffs 1986, Schwinn and Urech 1986, Koepsell and Pscheidt1995). Captan was
sprayed on the soil surface every two weeks and metalaxylevery 30 days, using the
manufacturer's recommended rates, beginning in August 1991 andending May 28, 1992.
Seed germination under laboratory conditions didnot differ significantly between
fungicide treated seeds and untreated seeds for all four study species(Appendix 2).49
Data collection
Seedlings
In mid-June of 1992, approximatelyone year after seeds were sowed in the
subplots, the number of seedlings for each of the study specieswas counted in each
subplot. These seedlings numberswere adjusted by subtracting background counts.
Background counts for each specieswere made from the number of established seedlings
in subplots not sowed with that study species.Background counts were repeated for the
second year study.
Seed retrieval
The soil from the entire microplot (5cm diameter) was removed with a bulb
digger to a depth of 5 cm in mid-to late June and storedat 4° C until it could be sieved.
After the soil was sieved with water using sievesto match seed dimensions, the residue
was dried at 30° C for two to three days and then stored in plastic bags atroom
temperature for the next few months until the samples could be examined undera
magnifying glass to identify the remaining seeds. Preliminarytests (Appendix 3) showed
that this retrieval method was almost 100% effective forBromus carinatus and
Cynosurus echinatus and almost 90% effective for Prune lla vulgaris.Because of the
background presence of Daucus carota seeds in field collected soilsamples, more
Daucus carota seeds were recovered than had been sowed.50
Seed viability
The viability of seeds retrieved from the soil sampleswas determined by
germinating the seeds at alternatingtemperatures of 30° C (day) and 20° C (night) with
14 hours of incandescent and fluorescent light. (Preliminarytests were conducted to
determine the appropriate conditions promoting germinationfor each of the study
species.) Seeds that produced at least 1mm of radicle exposed beyond the seed coat were
considered viable. Ungerminated seedswere tested for viability using the tetrazolium
viability test (Moore 1985).
The number of dormant and senescent seeds retrievedfrom the soil was adjusted
by subtracting background counts of dormantand senescent seeds. Background seeds
counts for Bromus carinatus, Cynosurus echinatus and Prune lla vulgariswere made
from the samples in which Daucuscarota seeds were sowed. Background seed counts
for Daucus carota were made from the samples in whichPrune lla vulgaris seeds were
sowed.
Secondary movement
To determine secondary movement of sowed seedsout of the subplots, beads
were used as seed surrogates (Table 3.2a,b) and sowed within the caged subplots in the
second year. The magnitude of sowed seeds moving outsidethe subplots was estimated
from the number of seed surrogates that couldnot be recovered one year after sowing.
Originally, the intention was touse dead seeds and mark them with paint. However,51
Table 3.2a. Weights and dimensions of seed andassociated structures for four species of
western Oregon native prairies. Sample size for seed dimensionswas 10 seeds per species.
Sample sizes for the seed weights varied from 3to 12 replicates each containing 10 air dried
seeds. Data are means with standard deviation indicatedby sd.
Species length (mm)
with without width depth mass
Seeds awn sdawn sd(mm)sd(mm)sd(mg)sd
Bromus carinatus 23.2 1.9 12.6 0.4 1.4 0.1 1.2 0.1 8.10.0
Cynosurus echinatus 17.3 1.4 4.8 0.2 1.0 0.0 0.7 0.1 1.80.0
Daucus carota 2.7 0.3 1.5 0.5 0.5 0.1 0.90.0
Prunella vulgaris 1.9 0.1 1.7 0.1 0.8 0.1 1.20.0
Table 3.2b. Weights and dimensions of seedsurrogates for four species of western Oregon
native prairies. Sample size for surrogate dimensionswas 10 surrogates. Sample sizes for
surrogate weights varied from 3 to 5 replicates. Each replicate contained 5surrogates for
Bromus carinatus and 10 surrogates for the other three species. Dataare means with standard
deviation indicated by sd.
Surrogates
diameter of
length cylinder mass
(mm) sd (mm) sd (mg) sd
Bromus carinatus 11.0 0.2 2.0 0.1 83.2 3.5
Cynosurus echinatus 4.4 0.3 2.0 0.1 29.6 0.2
Daucus carota 1.8 0.1 1.2 0.1 6.0 0.2
Prune lla vulgaris 1.8 0.1 1.0 0.1 5.4 0.352
numerous paints and other substances were tried, but all leached outor flaked off during
the sieving process or would have faded after theseeds had been in the soil for a year.
Data analysis
Model components and magnitudes
For each species, a quantitative modelwas constructed showing the magnitude of
each fate or fate process oneyear after sowing seeds in the experimental field plots.
1.Loss to secondary dispersal
Loss to secondary dispersal (SD) was calculatedas
SD i =Si
where i is 1 for year one and 2 for year two, a is the proportional loss
of surrogate seeds in year 2, and S is the number of seeds sowed.
2.Dormant seeds
The number of dormant seeds (DO) was measured directlyas the
number of viable seeds recovered from the soil in the untreated subplotsone
year after sowing the seeds.
3.Seedlings
The number of seedlings (SL) was measured directlyas the number of
seedlings in the untreated subplotsone year after sowing seeds.
4.Survival
Survival (SU) was calculated as
SUi = DOi + SLi53
where i is 1 for year one and 2 foryear two, DO is the number of
dormant seeds and SL is the number of seedlings.
5.Mortality
Mortality (M) was calculated as
= Si - (DOi + + Sdi)
where i is 1 for year one and 2 for year two, S is the number of seeds
sowed, DO is the number of dormant seeds recovered fromthe untreated
subplots, SL is the number of seedlings in the untreated subplots,and SD is
the loss to secondary dispersal.
6.Loss to senescence
The loss of senescent seeds (SE)was measured directly as the number
of non-viable seeds recovered from the soil in the untreatedsubplots one
year after sowing.
7.Loss to vertebrate predation
Loss to vertebrate predation (P)was calculated as
P1= UCDi Cdi
where i is 1 for year one and 2 is foryear two, CD is the total mortality
in the caged subplots and UCD is total mortality in theuncaged subplots.
8.Loss to fungal disease
Loss to fungal disease (F) for year one was calculatedas
F = NFD FD
where FD is the total mortality in the fungicide treated subplots; and
NFD is the total mortality in the non-fungicided subplots.54
9.Loss to "other mortality processes"
Loss to "other mortality processes" in year one (0,) was calculatedas
01 =-(SE] + DOI ++ F1)
where M is the total mortality; SE is the number of senescent seeds,
DO is the number of dormant seeds, P is loss to predation, and F is lossto
fungal disease.
Loss to "other mortality processes" in year two (02)was calculated
02 = M2 (SE2DO2 + P2 )
where M is the number of dead seeds and seedlings, SE is the number
of senescent seeds, DO is the number of dormant seeds and P is lossto
predation.
The number of dormant seeds, senescent seeds and seedlingswas adjusted by
subtracting the number of background counts. Negative magnitudeswere thus possible.
Because of different samples sizes used tomeasure the different seed fate components,
the mortality magnitude does not always equal thesum of the reported mortality factors
and the survival magnitude does not always equal thesum of the reported means for
dormant seeds and seedlings.55
Comparisons of fate processes for each species
For year one, magnitudes of six fateprocesses (disease, vertebrate predation,
senescence, "other mortality processes", germination and growth, and persistence)were
compared using a one-way randomized block analysis of variance(ANOVA) (Sokal and
Rohlf 1981). For year two, magnitudes of six fateprocesses (vertebrate predation,
senescence, "other mortality processes", germination and growth, persistence, and
movement) were compared usinga one-way randomized block ANOVA (Sokal and
Rohn 1981).
The General Linear Model (GLM) procedure of the SAS Institutestatistical
software, version 6.08 and type IIIsum of squares were used throughout all analyses.
Inspection of normality plots of residuals showed that the ANOVAassumption of
normality was met. Inspection of plots of residuals against predictedvalues showed that
the ANOVA assumption for constant variancewas met. When appropriate, differences
between means were tested using Fisher's protectedleast significant difference. For
ANOVAs with non-significant treatment effects, analyseswere conducted to determine
the power of the statistical test to detecta pre-determined effect size between the
experimental treatments (Cohen 1969, Peterman 1990,see Appendix 4 for details).
Comparisons of survival betweenyears for each species
One-way analysis of variance (Sokal and Rohlf 1981)was performed comparing
survival between year one andyear two for each species, using the General Linear Model
(GLM) procedure of the SAS Institute statistical software, version6.08 as described
above.56
Comparisons of fates among species for eachyear
Kendall's coefficient of concordance,a statistical test (Conover 1980), was used
to compare the ranking of magnitudes of fateprocesses among species for year one and
again for year two. Using this test,an overall-measure of agreement of the ranking
between species was calculated.
RESULTS
Patterns of seed fates and processes within and betweenyears for each species
Bromus carinatus
Year one (1991-1992)
Many more seeds/seedlings died (79.6%) than survived eitheras seedlings (8.0%)
or as dormant seeds (-1.2%) (Figure 3.2a). (Negative magnitudes were possible when
data were adjusted for background counts.) Thecategory, "other mortality processes",
(51.6%) were significantly larger thanany other causes of death (Figure 3.2a, Tables 3.3
and 3.4). Vertebrate predation caused the secondgreatest loss of seeds and seedlings
(21.2%). The magnitudes of the remaining mortality categories, fungal disease(8.0%)
and recovered senescent seeds (2.0%),were small and statistically indistinguishable
(Figure 3.2a, Tables 3.3 and 3.4).57
Figures 3.2a and 3.2b. Magnitude of post-dispersal seed fates for Bromus carinatusvar.
carinatus, a native bunchgrass of western Oregon prairies. Figure 3.2a is for 1991-1992
and Figure 3.2b is for 1992-1993. Magnitudesare expressed as a percentage of the total
number of experimentally sowed seeds. Negative magnitudeswere possible because data
were adjusted for background counts. Magnitudes do not always sum to100% because of
differences in sample sizes and methods of calculations. Detailson calculations for each
fate process are found in the text. Sample sizes and 95% confidence intervals formean
number of seeds in each category are found in Table 3.3. Results ofone-way ANOVA
comparing fate process magnitudes are found in Table 3.4. Separation ofmeans tests
(Fisher's protected LSD,a= 0.05) were performed for significant results. The results of
this separation of means test are presented in this figure. The magnitude of categories
with the same letters are not significantly different from each other.Dispersed seeds
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Table 3.3. Magnitude of six seed fateprocesses in 1991-1992 (year 1) for each of four species
in western Oregon native prairies. The magnitude isthe mean number out of 25 experimentally
sowed seeds. "Other mortality processes"are those processes, other than vertebrate predation,
fungal disease and senescence, contributingto seed and seedling death. The sample size is
indicated by n.
Processes
a)Bromus carinatus
"other mortality processes"
vertebrate predation
germination and growth
fungal disease
senescence
persistence
b)Cynosurus echinatus
"other mortality processes"
germination and growth
fungal disease
vertebrate predation
persistence
senescence
c)Daucus carota
"other mortality processes"
persistence
germination and growth
fungal disease
senescence
vertebrate predation
d)Prunella vulgaris
"other mortality processes"
fungal disease
germination and growth
senescence
persistence
vertebrate predation
n Magnitude
95%
Confidence
Interval
2 12.9 8.4, 17.3
9 5.3 3.2,7.4
10 2.0 0.0,4.0
3 2.0 -1.7,5.6
9 0.5 -1.6,2.6
9 -0.3 -2.4,1.8
3 8.8 4.2, 13.3
10 4.3 1.8,6.8
3 2.4 -2.2,6.9
9 1.6 -1.0,4.3
9 0.1 -2.5,2.7
9 0.0 -2.6,2.6
2 9.4 -0.4, 19.2
8 3.5 -1.4,8.3
10 2.7 -1.6,7.1
3 0.3 -7.6,8.3
8 0.3 -4.6,5.1
8 -0.5 -5.4,4.3
3 8.1 1.7, 14.5
3 5.6 -0.8, 12.0
10 4.3 0.8,7.8
10 0.5 -3.0,4.0
10 0.4 -3.1,3.9
10 -1.7 -5.2,1.861
Table 3.4. ANOVA comparing the magnitudes of six seed fates inyear 1 (1991-1992) for four
species in western Oregon prairies. Magnitudesare the number of seeds surviving as seeds or
seedlings out of 25 seeds sowed into field plots. Means and sample sizesare presented in Table
3.3. Results of separation of means test (Fisher's protected LSD,a = 0.05) are found in Figures
3.2a, 3.3a, 3.4a, and 3.5a.
Source df Sum of squares
a)Bromus carinatus
block 9 34.3
fates 5 363.9 7.80 <0.01
b)
error
Cynosurus echinatus
27 251.9
block 9 33.9
fates 5 203.3 2.76 0.04
c)
error
Daucus carota
28 412.7
block 9 325.0
fates 5 176.2 0.79 0.57
d)
error
Prune Ila vulgaris
24 1075.2
block 9 21.1
fates 5 323.3 2.19 0.08
error 31 915.9
Year two (1992-1993)
Most seeds/seedlings died (75.0%). Significantlymore seeds survived as
seedlings (13.5%) than as dormant seeds (-1.5%) (Figure 3.2b, Tables3.5 and 3.6).
"Other mortality processes", which inyear two included fungal disease, was significantly
larger (67.5%) than any other cause of death (Figure 3.2b, Tables 3.5 and 3.6).The
remaining mortality categories, vertebrate predation and recoveredsenescent seeds, were
each less than 10% (Figure 3.2b).62
Table 3.5. Magnitude (number of seedsout of 20 experimentally sowed seeds) of six fate
processes in 1992-1993 (year 2) for each of four species in western Oregon native prairies.
Movement is estimated by number of surrogate seeds moving outsidethe experimental field
plots. "Other processes" are thoseprocesses, excluding vertebrate predation and senescence,
contributing to death. The sample size is indicated byn.
Processes
a)Bromus carinatus
"other mortality processes"
germination and growth
movement
vertebrate predation
senescence
persistence
b)Cynosurus echinatus
"other mortality processes"
movement
germination and growth
senescence
persistence
vertebrate predation
c)Daucus carota
"other mortality processes"
movement
germination and growth
vertebrate predation
senescence
persistence
d)Prunella vulgaris
"other mortality processes"
movement
germination and growth
senescence
persistence
vertebrate predation
n Magnitude
95%
Confidence
Interval
19 13.5 11.9,15.0
20 2.7 1.2,4.2
20 2.5 1.0,4.0
19 1.5 -0.0,3.1
19 -0.1 -1.6,1.5
19 -0.3 -1.9,1.2
19 14.4 12.5,16.3
20 4.2 2.3,6.0
20 2.2 0.3,4.1
19 0.0 -1.9,1.9
19 0.0 -1.9,1.9
19 -0.9 -2.8,1.0
19 11.1 7.8,14.4
20 5.4 2.2,8.6
20 2.1 -1.1,5.4
19 2.1 -1.2,5.4
19 -0.2 -3.5,3.2
19 -0.3 -3.6,3.0
19 14.6 13.5,15.7
20 5.4 4.3,6.4
20 0.8 -0.3,1.8
19 0.4 -0.7,1.5
19 0.3 -0.8,1.4
19 -1.2 -2.3,-0.163
Table 3.6. ANOVA comparing the magnitudes of six seed fatesin year 2 (1992-1993) for each
of four species in western Oregon native prairies. Magnitudesare the number of seeds surviving
as seeds or seedlings out of 20 seeds sowed into field plots. Means and sample sizesare
presented in Table 3.5. Results of separation ofmeans (Fisher's protected LSD, a = 0.05) are
found in Figures 3.2b, 3.3b, 3.4b, and 3.5b.
Source df Sum of squares F P
a)Bromus carinatus
block 19 57.1
fates 5 2506.6 43.92 <0.01
error
b)Cynosurus echinatus
block
91
19
1038.7
60.5
fates 5 3125.8 35.10 <0.01
error
c)Daucus carota
block
91
19
1620.5
166.5
fate 5 1775.1 6.76 <0.01
error
d) Prunella vulgaris
block
91
19
4781.5
173.4
fates 5 3361.6 116.90 <0.01
error 91 523.4
Comparison between year one and two
Mortality and survival patterns were similar for bothyears, with most seeds/seedlings
dying (Figures 3.2a and 3.2b). Betweenyear survival magnitudes were similar with no
statistical differences (P= 0.42) (Table 3.7). There was 64% power detect a 10%
difference between years. Virtuallyno seeds survived as dormant seeds either year
(Figures 3.2a and 3.2b, Tables 3.3 and 3.5). "Other mortality processes"were the major
cause of mortality for both years, even though fungal disease was not included in this64
category for the first year (Figures 3.2a and 3.2b). Of the remaining mortality categories
for both years, only first year vertebrate predation (21.2%)was greater than 10%.
Table 3.7. Number of seeds and seedlings survivingout of 25 experimentally sowed seeds in
1991-1992 and out of 20 experimentally sowed seeds in 1992-1993 foreach of four species in
western Oregon native prairies. The sample size foryear one was 10 and was 20 for year two. P
is the probability of falsely rejecting the null hypothesis ofno difference of survival between
years.
Species
1991-1992 1992-1993
95% 95%
Confidence Confidence
mean (%) Interval mean (%) Interval P
Bromus carinatus 7.8 -2.5,18.0 12.7 5.7,19.8 0.42
Cynosurus echinatus 16.6 4.1,29.1 11.6 3.0,20.2 0.50
Daucus carota 28.6 4.5,52.7 7.9 -7.8,23.5 0.15
Prunella vulgaris 18.7 11.7,25.6 4.5 -0.5,9.5 <0.01
Cynosurus echinatus
Year one (1991-1992)
Many more seeds died (62.4%) than survived, with essentially all the seeds
surviving as seedlings (17.2%), rather thanas dormant seeds (0.4%) (Figure 3.3a). The
largest cause of death was "other " mortalityprocesses (35.2%) (Figure 3.3a, Tables 3.3
and 3.4). The magnitudes of fungal disease, vertebrate predation,and recovered
senescent seeds were each less than 10% and not statistically different from each other
(Figure 3.3a, Tables 3.3 and 3.4).65
Figures 3.3a and 3.3b. Magnitude of post-dispersal seed fates forCynosurus echinatus, a
non-native grass of western Oregon prairies. figure 3.3a is for 1991-1992and Figure
3.3b is for 1992-1993. Magnitudesare expressed as a percentage of the total number of
experimentally sowed seeds. Negative magnitudeswere possible because data were
adjusted for background counts. Magnitudes donot always sum to 100% because of
differences in sample sizes and methods of calculations. Detailson calculations for each
fate process are found in the text. Sample sizes and 95% confidenceintervals for mean
number f seeds in each category are found in Table 3.3. Results ofone-way ANOVA
comparing fate process magnitudesare found in Table 3.4. Separation of means tests
(Fisher's protected LSD, a = 0.05)were performed for significant results. The results of
this separation of means test are presented in this figure. Themagnitude of categories
with the same letters are not significantly different from each other.Persistence
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Year two (1992-1993)
Mortality (67.5%) was much greater than survival (11.6%)(Figure 3.3b).
Survival as seedlings (11.0%)was greater than survival as dormant seeds (0%), although
there was no statistical difference between survivalcategories (Figure 3.3b, Tables 3.5
and 3.6). "Other mortality processes"were the only cause of death (72.0%) (Figure 3.3b,
Tables 3.5 and 3.6). Recovered senescent seeds(0.0%) and losses from vertebrate
predation (-4.5%) were negligible (Figure 3.3b, Tables 3.5and 3.6).
Comparison between year one andyear two
The patterns of mortality and survivalwere very similar for both years, with few
of seeds/seedlings surviving (Figures 3.3a and 3.3b).The survival rates were similar
between year one and year two, withno statistical differences (P = 0.5) (Table 3.7).
There was 94% power to detecta 10% or larger difference between years. The patterns
of mortality causes were similar for bothyears with "other" mortality causes the largest
category for both years (Figures 3.3a and 3.3b, Tables 3.3 and 3.5).
Daucus carota
Year one (1991-1992)
Although mortality was the largest seed fate (44.4%), the survivalrate was
relatively high (28.6%) with (14%) survivingas dormant seeds (Figure 3.4a).
Magnitudes of seed fates did not differ significantly (Table3.4). Senescence (1.0%),
fungal disease (1.2%) and vertebrate predation/herbivory(-2%) contributed little to
seed/seedling death,69
Figures 3.4a and 3.4b. Magnitude of post-dispersalseed fates for Daucus carota, a non-
native forb of western Oregon prairies. Figure 3.4a is for1991-1992 and Figure 3.4b is
for 1992-1993. Magnitudesare expressed as a percentage of the total number of
experimentally sowed seeds. Negative magnitudeswere possible because data were
adjusted for background counts. Magnitudes donot always sum to100% because of
differences in sample sizes and methods of calculations.Details on calculations for each
fate process are found in the text. Sample sizesand 95% confidence intervals for mean
number of seeds in each categoryare found in Table 3.3. Results of one-way ANOVA
comparing fate process magnitudesare found in Table 3.4. Separation of means tests
(Fisher's protected LSD,a= 0.05) were performed for significant results. The results of
this separation of means testare presented in this figure. The magnitude of categories
with the same letters are not significantly differentfrom each other.Persistence
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and "other mortality processes" (37.6%) caused themost deaths (Figure 3.4a, Tables 3.3
and 3.4). There were no statistical differences between the mortalitycauses given the
extremely wide confidence interval for "other mortality processes" (Figure 3.4a, Tables
3.3 and 3.4).
Year two (1992-1993)
The fate of most seeds was death (65.0%), with few seeds surviving eitheras
dormant seeds (-1.5%) or as seedlings (10.5%) (Figure 3.4b, Tables 3.5 and 3.6). "Other
mortality processes" were significantly larger (55.5%) than the othercauses of mortality
(Figure 3.4b and Table 3.5). The remainingcauses of death, vertebrate predation and
senescence, were each less than 10.5% (Figure 3.4b, Tables 3.5 and 3.6).
Comparison between year one and year two
A substantial number (14.0%) of seeds persistedas dormant seeds the first year;
virtually no seeds persisted the secondyear (Figures 3.4a and 3.4b). For both years
"other mortality processes" caused the greatest magnitude of deatheven though "other
mortality processes" don't include fungal disease inyear one (Figures 3.4a and 3.4b,
Tables 3.3 and 3.5). The remainingcauses of death had small magnitudes, each less than
10.5% for both years (Figures 3.4a and 3.4b, Tables 3.5 and 3.7).73
Prunella vulgaris
Year one (1991-1992)
Many more seeds/seedlings died (54.4%) than survived, with essentiallyall the
seeds surviving as seedlings (17.2%) rather thanas dormant seeds (1.6%) (Figure 3.5a).
"Other mortality processes" (32.4%)are the major causes of mortality and fungal disease
also at 22.4% (Figure 3.5a), although because of thevery wide confidence interval for
fungal disease, fungal disease and "other mortalityprocesses" are not statistically
distinguishable (Tables 3.3 and 3.4). The magnitudes of recoveredsenescent seeds and
seeds lost to vertebrate predationwere each 2% or less (Figure 3.5a, Tables 3.5 and 3.6).
Year two (1992-1993)
Many more seeds/seedlings died (68.5%) than survived eitheras seedlings (4.0%)
or as dormant seeds (1.5%) (Figure 3.5b). The largest proportion (73.0%) died dueto
"other mortality processes" (Figure 3.5b, Tables 3.5and 3.6). Two percent or less were
lost to senescence (2.0 %) and vertebrate predation (-6.0%)(Figure 3.5b, Tables 3.5 and
3.6).
Comparison between year one andyear two
For both years, mortality was muchgreater than survival rates (Figures 3.5a and
3.5b). Survival was significantly greater (P< 0.01) in year one than in year two (Table
3.7) mostly because of decreased germination and growth inyear two. The patterns for74
both years suggest that "other mortality processes"are the major causes for mortality
(Figures 3.5a and 3.5b, Tables 3.3 and 3.5), although the magnitude of fungal disease
was 22.4%.
Patterns of seed fates and processesamong species
Mortality was high for all four species for bothyears (Figures 3.2-3.5). Survival
was relatively low, with most seeds surviving as seedlings (Figures 3.2-3.5). A major
exception to this pattern was Daucus carota, in which 14.0% of seeds persistedas
dormant seeds the first year (Figure 3.4a).
"Other mortality processes" contributed the largest percentage of dead seeds for
all four species for both years, even though the magnitude of fungal diseasewas not
included in "other mortality processes" foryear one (Figures 3.2-3.5). Loss of seeds to
vertebrate predation was less than 11% for all species for bothyears with the exception
of Bromus carinatus in year one, in which the proportion of seeds lostwas 21.2%
(Figures 3.2-3.5). Fungal disease occurred at magnitudes less than 10% for all species
with the
exception of Prune lla vulgaris inyear one (22.4%) (Figures 3.2-3.5). For all species for
both years, few senescent seeds (nomore than 2%) were recovered (Figures 3.2-3.5).
Ranks of fate magnitudes differed significantlyamong species for both year one
(P < 0.01) and year two (P < 0.01) (Kendall's test of correspondence, Table 3.8),
supporting the description of differences in mortalitycauses.75
Figures 3.5a and 3.5b. Magnitude of post-dispersalseed fates for Prune lla vulgaris var.
lanceolata, a native forb of western Oregonprairies. Figure 3.5a is for 1991-1992 and
Figure 3.5b is for 1992-1993. Magnitudesare expressed as a percentage of the total
number of experimentally sowed seeds.Negative magnitudes were possible because data
were adjusted for background counts. Magnitudes do not alwayssum to100% because of
differences in sample sizes and methods of calculations.Details on calculations for each
fate process are found in the text. Sample sizesand 95% confidence intervals for mean
number of seeds in each categoryare found in Table 3.3. Results of one-way ANOVA
comparing fate process magnitudesare found in Table 3.4. Separation of means tests
(Fisher's protected LSD,oc= 0.05) were performed for significant results. The results of
this separation of means testare presented in this figure. The magnitude of categories
with the same letters are not significantlydifferent from each other.Persistence
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Table 3.8. Results of the Kendall's coefficient of correspondencecomparing ranking of six seed
fate processes among four grasslands species,Bromus carinatus, Cynosurus echinatus, Daucus
carota and Prunella vulgaris for 1991-1992 and 1992-1993. Kendall's coefficient of
correspondence, W, is an overall measure ofagreement among the rankings of the fates among
the species. Values can range from 0to 1. The sample statistic, x2 is computed from the sum of
ranks for each of the fates. P is the probability thatspecies differ in the ranking of their fates by
chance. The means for the 1991-1992 seed fateprocesses are presented in Table 3.3. The means
for 1992-1993 are presented in Table 3.5.
Year df X2 P
1991-1992 6 0.71 17.143 <0.01
1992-1993 5 0.87 17.429 <0.01
DISCUSSION
Patterns of seed fates
Germination and growth
The variability in data of this studywas very large (as with most ecological field
studies), making it difficult to estimate precise magnitudes ofseed fates and processes.
In spite of this difficulty, distinctive and consistentpatterns emerge. Within a species,
seed/seedling survival and mortality patternswere similar between years, in spite of the
expectation that patterns would greatly differ betweenyears because of variation in
environmental factors (Sharitz and McCormick 1973, Burdonet al. 1983, Mack and Pyke
1989). Furthermore, for all study speciesmost seeds died, with relatively few seeds
surviving as seedlings. Causes of mortality differedamong species.
Generally, small percentages of seeds produced by grassland speciesemerge and
establish as seedlings (Peart 1984, McConnaughay and Bazzaz 1987,Peart 1989,79
Thompson and Baster 1992, Reader 1993). Reportedpercentages of seedling
establishment for Daucus carotaare similar to the percentages in this study
(approximately 11%), given the precision of thepresent estimate. Only 1% of the
Daucus carota seeds sowed into unmanagedgrasslands emerged with about half of the
emergents surviving ten months later (Thompson and Baster 1992). Seedlingemergence
of Daucus carota was about 11% of seeds sowed in newlydisturbed agricultural fields,
2% in five year old fields and 13% in 15year old fields (Gross and Werner 1982). First
year emergence was 18% of sowed seeds in recently fallowed agricultural fields (Holt
1972). Reported seedlingemergence rates for Prunella vulgarise range from 0.7 % to
30%, depending on the seed size and the habitat(Winn 1985). This range is somewhat
wider than the establishment percentages (4%-17%)for this present study. No studies
report seedling establishment rates for Cynosurus echinatus andBromus carinatus.
Persistence
Comparison with other studies
Virtually no seeds persisted for three species (Bromuscarinatus, Cynosurus
echinatus, Prunella vulgaris), in contrastto the seeds of Daucus carota, some of which
persisted in the soil for at leasta year. Other studies also report a persistent seed bank for
Daucus carota, with seed longevity varying betweentwo and at least five years (Gross
and Werner 1982, Thompson et al. 1993). Investigationsof persistent seed banks for
Prunella vulgarise describe conflicting results. Roberts (1986)describes a persistent
1
The variety of Prunella vulgaris was not reported in Winn(1985), nor in the other studies cited in this
thesis that report results of Prunella vulgaris research.80
seed bank in which a portion of the seeds persist for 5years, but Winn (1985) says that
Prune lla vulgaris seeds do not survivemore than one winter in the soil, which is
consistent with the pattern in this present study. A single studyreports the presence of
Cynosurus echinatus seeds in the soil (Cocks 1994), but because the soilssamples were
collected in Australia in January, thepresence of Cynosurus echinatus probably reflects a
transient seed bank rather thana persistent seed bank. No studies report seed banks for
Bromus carinatus.
Patterns of seed persistence for the study speciesare also similar to community
level patterns of many European and North Americangrassland seed banks, where the
seeds of most of the species thatare frequent in the vegetation appear to be absent from
the seed bank (Roberts 1981, Schenkeveld and Verkaar1984, Rice 1989). None of the
perennial species (Bromus carinatus and Prune lla vulgaris)or grass species (Bromus
carinatus and Cynosurus echinatus) in this study formeda persistent seed bank, which is
consistent with other grassland seed banks, which often containa larger proportion of
annuals than perennials (Rice 1989), andare contain more forbs than grasses (Roberts
1981, Rice 1989, Baker 1989). Although weedyor fugitive species that colonize
disturbances or gaps in vegetationare among the largest component of grassland seed
bank species (Louda 1989, Rice 1989), in this study onlyone (Daucus carota) of three
such species (Cynosurus echinatus, Prune lla vulgaris andDaucus carota) formed a
persistent seed bank.81
Mechanisms promoting seed persistence
The morphological characteristics of Daucuscarota seeds match the seed
morphological patterns of British herbaceous species that maintainlong-term persistent
seed banks. Seed or fruit weight and theextent to which the seed or fruit shape differs
from sphericity is correlated with persistence in thesoil seed bank (Thompson et al.
1993). Compact (spherical) seedsor fruits that weigh less than 3 mg, such as those of
Daucus carota (Table 3.2a), generally form long-term persistentseed banks (Thompson
et al. 1993). Yet, Prunella vulgaris, which has smallcompact seeds similar to Daucus
carota diaspores (Table 3.2), did not forma persistent seed bank in the present study.
Moreover, other studies show that seeds ofgrass species that maintain persistent seed
banks are generally small and compact (Thompson 1987,Thompson and Grime 1979),
while seeds of grasses lacking persistent seed banksare large and attenuated, often with
awns and retrose hairs, similar to the seed characteristics of both Bromus carinatus and
Cynosurus echinatus, which did not form persistent seed banks in thisstudy.
The mechanism underlying the above relationship between seedmorphological
characteristics and persistence in the seed bank is likelyease of burial. Smaller, more
spherical seeds appear to havea greater probability of burial into the soil than larger,
attenuated seeds (Peart 1984, Thompson et al. 1993). Burial, byblocking light, can
induce secondary dormancy in seeds (Pons 1991),thus inhibiting germination (Pons
1991) and promoting seed persistence. Burial also reduces the riskfrom fire (Peart 1984)
and predation (Reichman 1979, Crawley 1992, Hulme 1994),potentially increasing
persistence in the soil seed bank. In thepresent study more of the smaller and rounder
surrogate seeds (Daucus carota and Prunella vulgaris surrogates)were lost from the82
subplots than with the largermore elongated surrogates (Bromus carinatus and
Cynosurus echinatus), thus supporting the hypothesis that small size andcompactness
increase seed movement. Although the seed characteristics of bothDaucus carota and
Prunella vulgaris seeds seem to promote seed burial,wet Prune lla vulgaris seeds
produce a mucilaginous substance thatcauses the seeds to adhere to soil particles and
litter, potentially hindering seed burial and thus, exposing seedsto processes that limit
persistence in the soil.
If seeds are to persist in the soil until conditionsare favorable for increased
seedling survival, germination must be delayed. Seeds of Daucuscarota readily
germinated in laboratory tests conductedover several months at 30° C (day) and 20° C
(night) with 14 hours of light (D. Clark, unpublished data). Otherinvestigations show
that seed germination of Daucus carota decreases substantially withoutlight (Gross
1984, Pons 1991). Furthermore, Daucus carota seeds showa seasonal pattern in some
grasslands in availability of non-dormant seeds, with secondary dormancy highestin the
summer months and lowest in January through April (Pons 1991). Both these dormancy
mechanisms allow Daucus carota seeds to avoid germination, potentially promotingseed
persistence.
Seeds of the other three study species, which lack persistent seed banks, also
germinated readily in laboratory tests conductedover several months at 30° C (day) and
20° C (night) with 14 hours of light (D. Clark, unpublished data). Prunella vulgarise
also germinated readily in other investigations (Winn 1985). Grasses with awnedseeds
often germinate immediately when supplied with moisture anda suitable temperature, in
contrast to many unawned grass species, which exhibit seed dormancy (Peart 1984).83
Furthermore, seeds of manygrasses found in habitats characterized by summer drought
(such as the Willamette Valley)are capable of germination under a wide range of
temperatures, although timing of germination is determined byamount of moisture
(Thompson and Grime 1979). Seeds of perennialgrass species grown as crops in the
Willamette Valley germinateas soon as the soil stays wet long enough (at least 48 hours)
for the seed to imbibe and germinate (M. Azevedo1995, personal communication).
Germination of these species continues through the winter untilcold soil temperatures
limit germination, but germination begins again when soiltemperatures warm (M.
Azevedo 1995, personal communication). Cynosurus echinatusgerminates readily under
field conditions during fall and early wintermonths in the Willamette Valley (M. Maret
1995, unpublished data). Limited observationssuggest that Bromus carinatus also
germinates during this time (M. Maret, unpublished data). Exceptduring the summer,
therefore, seeds of these grass species make littleor no contribution to the seed bank
(Thompson and Grime 1979). Taken together,these studies indicate that lack of
dormancy and non-restrictive germination requirementsare mechanisms reducing long-
term seed persistence for Bromus carinatus, Cynosurus echinatus, and Prune llavulgaris.
Mortality
Delaying germination is not sufficient for long-term seed persistence. Seedsmust
also avoid death. In the following section, the generaldiscussion of mortality factors that
caused the very large number of seed and seedling deaths includesthose various
mortality factors contributing to lack of seed persistence.84
Senescence
The magnitude of recovered senescent seedswas consistently small (never more
than 2%) for all species for bothyears. The germination percentages of seeds stored at
room temperature for two years after seed collection were more than 70% for Bromus
carinatus and Prunella vulgaris and almost 99% for Cynosurus echinatusand Daucus
carota (Appendix 5). After three years of storage at room temperatures, only seeds of
Bromus carinatus had less than 85% germination (Appendix 5). Thesespecies, thus,
have the genetic capability to remain viable severalyears, suggesting that perhaps
senescence was a minor factor contributing to seed deaths in this study. Actual field
longevity will depend on environmental conditions experienced bythe seeds.
Fungal disease
Loss from disease by common soil fungi in this studywas less than ten percent
with the possible exception of Prunella vulgaris. Other investigationsof these four
species also report that seedling death caused by fungal disease is less thanten percent
(Chapter 4). However, in contrast to these results, therare studies investigating seed and
seedling mortality by fungi in natural vegetation describe significant mortalityby fungi
(Lawrence and Rediske 1962, Mack and Pyke 1984, Augspurger 1990,but see Lonsdale
1993). Fungi accounted for the greater part of seed loss during thepre-germination
period of Douglas-fir seeds andwere also the principal cause of Douglas-fir seedling
death (Lawrence and Rediske 1962). The magnitude of loss caused byfungal disease
(damping-off) ranked from high tovery low, relative to other mortality factors85
contributing to deaths of tropical tree seedlings (Augspurger1990). A significant
number of Bromus tectorum seedlings died froman infestation of a smut Ustilago
bullata over a three year period ina semi-arid grassland (Mack and Pyke 1984).
Vertebrate predation
Grassland plants can lose large numbers of dispersed seedsto predators,
principally vertebrates (Louda 1989, Crawley 1992). Vertebrate predation,in this study,
appeared to be an important mortality factor for onlyone species, Bromus carinatus.
These results are consistent witha concurrent study conducted at the same study site in
which predation caused significant seed losses for Bromuscarinatus, but caused no
significant seed losses for Cynosurus echinatusor Daucus carota (Appendix 6).
Vertebrate predation of large seeds, especially those with thin seedcoats such as
Bromus carinatus, is generally much greater than predation of smallerseeds, such as
Daucus carota and Prunella vulgaris, possibly dueto ease of handling and nutrient
content (Thompson 1987). Furthermore,as discussed earlier, small compact seeds such
as Daucus carota are more easily buried in the soil compared to large awned seeds such
as Bromus carinatus, thus decreasing susceptibility to predators (Thompson et al.1993).
Presence of toxic compounds in the seedsmay have contributed to differences in
vertebrate predation rates among the four study species. Prunella vulgarisecontains
high levels of ortho-dihydroxyphenol,a defense compound deterring predation (Hendry
et al. 1994). In this same study (Hendry et al. 1994), which compared seed
concentrations of ortho-dihydroxphenol with longevity of seeds in the soilseed bank, the86
species with the lowest levels of ortho-dihydroxyphenolwere grasses (Hendry et al.
1994). Janzen (1971) also commentedon the general lack of toxicity of grass seeds.
"Other mortality processes"
The magnitude of "other mortality processes"was generally greater than any
measured mortality factor for all four species. Potentialprocesses in this fate category
include invertebrate predation, abioticprocesses, interference from neighboring plants
and bacterial or viral diseases (Table 3.9). Becausethe magnitude of this category was
calculated as the difference between the number of seedssowed and the number of seeds
accounted for in measured fate categories, "other mortalityprocesses" also include any
senescent seeds that disappeared due to saprophytic decay. The followingsection
discusses which of theseprocesses were likely components of "other mortality
processes" for each of the study species (Table 3.9).
Other microbial diseases
Although seeds are common vectors of bacteria and viruses(Neegaard 1977),
rarely do studies report death of dispersed seedsor seedlings caused by bacterial or viral
diseases in agricultural systems. In contrast,many studies investigating seed-bacteria
interactions report antagonistic reactions by seed-borne bacteriaagainst fungi, potentially
protecting the seed from fungal disease (Liu and Vaughan11965, Kremer et al. 1984,
Bruehl 1987). Based on these patterns, it is unlikely bacterialor viral diseases played a
large role in mortality of seedsor seedlings in this study (Table 3.9).87
Table 3.9. Possible components of "other mortalityprocesses" for four species in western
Oregon native prairies. A "+" indicates that the mortalityfactor is a likely component of "other
mortality processes", a "-" indicates that the mortality factoris not likely a component, and "?"
indicates evidence is not available to determine whether themortality factor is a component or
not.
Species "other mortality processes"
bacterial/viral invertebrate abiotic
diseases predation factors interference
Bromus carinatus
Cynosurus echinatus
Daucus carota
Prunella vulgaris
Invertebrate predation
Rodents are often the major predators of dispersed seeds in grasslands(Louda
1989), with negligible losses attributableto invertebrates (Hulme 1994, but see Reader
1991, 1993). To determine whether invertebratepredation was a component of "other
mortality processes", the present study in whichpredation by only vertebrates was
measured was compared with a concurrent study with thesame species at the same study
site in which the combined predation from both vertebratesand invertebrates was
measured (Appendix 6). In the present study significantlosses from vertebrate predation
occurred only for Bromus carinatus. In theconcurrent study, significant combined
predation occurred for Bromus carinatus and Prunellavulgaris, but not for Cynosurus
echinatus and Daucus carota (Appendix 6). Thus, comparisonof these two studies
suggests that invertebrate predation caused insignificant losses for Daucuscarota and88
Cynosurus echinatus (Table 3.9). Given virtuallyno vertebrate predation for Prunella
vulgaris in this study and significant seed predationin the concurrent study, invertebrate
predation is likely to be a component in "other mortalityprocesses" for Prunella vulgaris
(Table 10). Predation of Bromus carinatusoccurred in both studies, and thus, the loss
can not be categorized as to vertebrate or invertebrate predation (Table 3.9).
Interference
Interference is used to refer to the overall adverse influence ofone plant on
another, thus, encompassing both competition, whichinvolves the reduction of resources
needed by a neighboring plant, and allelopathy,which refers to the biochemical
interactions between organism caused by the additionof a chemical compound to the
environment by one of the interacting organisms (Rice1989).
Generally, few seeds successfully germinate andgrow in dense unmowed
grasslands. Most seedlings need small patches ofbare soil or short turf to avoid death
possibly caused by competition forspace, light, nutrients or water (Fenner 1978, Gross
and Werner 1982, Gross 1984, Winn 1985,McConnaughay and Bazzaz 1987, Peart
1989, Silvertown and Tremlett 1989, Reader 1991,Thompson and Baster 1992, Wilson
and Gerry 1995). An alternative explanation forseedling deaths in closed vegetation is
allelopathy. Numerous studies have implicatedallelopathy as a major cause of seedling
mortality in grasslands (review by Rice 1984),but the potential effect in Willamette
Valley grasslands is unknown.
Seedling establishment of Daucus carotacan occur in closed vegetation with few
gaps (Gross and Werner 1982), but decreased abundance of surrounding vegetation89
enhances emergence and establishment (Holt 1972,Gross and Werner 1982, Silvertown
and Tremlett 1989, but see Reader 1993). Thesepatterns contrast with a study conducted
concurrently with the present study at thesame site (L. Lantz, unpublished data). In this
concurrent study, seedling mortality was measuredone year after seeds of the four study
species were sowed into untreated field plotsand into plots in which the aboveground
and belowground vegetation had been removed.Seedling mortality of Daucus carota
and Prunella vulgaris did not differ significantlybetween field plots treated with and
without vegetation removal. Seedling mortalitysignificantly decreased in plots with
vegetation removal, however, for thetwo species with the largest seeds, Bromus
carinatus and Cynosurus echinatus (L. Lantz, unpublisheddata). Sowing seeds of these
two species into vegetation that was only mowed (no vegetationremoval) did not
significantly increase seedling survival of eithergrass species (Chapter 5), suggesting
that competition for lightwas not a factor. These studies suggest that reduction of space
or belowground resources by mature plants is in all likelihoodan important component
of "other mortality processes" in thepresent study for two species, Bromus carinatus
and Cynosurus echinatus (Table 3.9).
Abiotic processes
Abiotic factors that directly kill seeds includecrushing, burning (Peart 1984),
desiccation (Murdoch and Ellis 1992), andextreme temperatures. Additional abiotic
factors that kill seedlings include drought(Mack and Pyke 1984, Soriano and Sala 1986),
nutrient shortages (Chambers et al. 1990), burialtoo deep for emergence (Schafer and
Chilcote 1970), mechanical inhibition by litter(Bergelson 1990) and poor radicle contact
with the soil (Peart 1984). It is likely that abioticprocesses cause few seed deaths90
compared to the rate of seedling deaths, because of thegreater vulnerability of seedlings
to these abiotic processes.
Abiotic processes that cause seedling deathmay be particularly important when
seeds readily germinate and lack dormancy mechanisms,such as the seeds of the study
species (with the exception of Daucus carota). Highlyvariable environmental conditions
or unusual weather conditions can miscue germinationso that timing of germination is
unsuitable for seedling survival. Seeds of perennialgrass crops in the Willamette Valley
readily germinate soon after the fall rains (M. Azevedo1995, personal communication).
Seedlings can survive freezing temperatures during thewinter, but do not survive
repeated thawing and freezing, because frost heaving ripsthe roots from the soil (M.
Azevedo 1995, personal communication). Abioticfactors that cause mortality can not be
ruled out for any of the species in this study andare likely to contribute a significant
number of seedling deaths (Table 3.9).
Summary of "other mortality processes"
Most deaths caused by "other mortality processes" for Bromuscarinatus and
Cynosurus echinatus likely occurredas seedlings either by interference or abiotic
processes, although invertebrate predation can not be ruled out for Bromus carinatus
(Table 3.9). Seedling death due to abioticprocesses is most likely the largest component
of "other mortality processes" for Daucuscarota (Table 3.9). For Prunella vulgaris, a
combination of seed death by invertebrate predators and seedling deathby abiotic
processes are most likely the largest components of the "other"processes (Table 3.9).91
Summary of seed fate patterns
Three fates await seeds after dispersal. Seedscan either persist as seeds,
germinate and grow as seedlings,or die. Most of the sowed seeds in this study died, with
few seeds germinating and survivingas seedlings for any of the four species for either
year. Virtually no seeds persisted for three of-the study species,whereas seeds ofDaucus
carota formed a small persistent seed bank forat least one year.
A summary of the factors causing mortalityare presented in Table 3.10. "Other
mortality processes" were generally the largestcause of death for all four species for both
years, even though the "other mortality processes" didnot include loss from fungal
disease in year one as inyear two. The likely components of "other mortality processes"
(invertebrate predation, interferenceor abiotic processes) varied as follows between
species. Most deaths caused by "othermortality processes" for Bromus carinatus and
Cynosurus echinatus probably occurred duringthe seedling stage with a combination of
interference and abioticprocesses as the most likely causes. Abiotic processes that killed
seedlings were likely the principlecause of death for Daucus carota. The most probable
components of "other mortality processes" for Prunellavulgaris were seed death by
invertebrate predation and seedling death by abioticprocesses.92
Table 3.10. Summary of mortality factors for fourspecies common to western Oregon native
prairies in 1991-1993. A "+" indicates the mortalityfactor caused death. A "-" indicates that
the mortality factor did notcause death. A "?" means evidence is not available to detemine
whether or not the mortality factor caused death.
Species Mortality factors
vertebrateinvertebrateabiotic
senescencediseasepredation predationfactorsinterference
Bromus carinatus ? + ? +
Cynosurus echinatus ? +
Daucus carota ? +
Prune lla vulgaris ? + +
Disease by common soil fungi caused less thanten percent mortality, with the
exception of Prune lla vulgaris, in contrastto expectations of much higher magnitudes.
Vertebrate predation substantially reduced the survivalof only one species, Bromus
carinatus. Because of the inherent difficulties in measuringseeds and germinants that
disappear from microbial decay, the magnitude ofseed senescence is unknown. The
potential magnitude, however, of seedsenescence after one year is possibly minor based
on laboratory experiments for all four species.
These patterns of mortality help explain the lack of seedpersistence for three of
the study species. Seed persistence resultsfrom delaying germination and avoiding
death. The lack of a persistent seed bank forCynosurus echinatus is not likely caused by
seed death, although bacterial and viral diseasescannot ruled out, suggesting that lack of
dormancy and non-restrictive germination requirementsare the probable mechanisms for
lack of seed persistence. Lack of dormancyor non-restrictive germination requirements93
and seed death caused by predationare responsible for lack of long-term seed
persistence for Bromus carinatus and Prune llavulgaris.
Implications
From the patterns of the three seed fates (survivalas seedling, persistence as seed,
or death) observed in this study, predictions can be made about population and
community patterns of the four study species. High seedand seedling mortality rates can
potentially limit the population sizes of all fourstudy species, particularly because these
species have limited or no ability to increase populationdensity by vegetative
regeneration, with the possible exception of Prune llavulgaris. Predation pressure, if
consistent, can limit the population distribution ofboth Bromus carinatus and Prune lla
vulgaris. Because belowground competition is likelya cause of mortality for both
Cynosurus echinatus and Bromus carinatus, theirabundance should be greater in areas in
which gaps occur more often comparedto areas where gaps occur less often, assuming
that compensatory mortality does notoccur.
Because the results of this study suggest that the annualCynosurus echinatus
forms no persistent seed bank, elimination of seedproduction will quickly extirpate a
population of Cynosurus echinatus unless off-siteseed dispersal occurs. In contrast, a
population of Daucus carota can persistas seeds in the soil even with no seed
production over a period of years. Although the perennialspecies Bromus carinatus and
Prunella vulgaris lack persistent seed banks, populationscan also persist at a site without
seed production due to longevity of adults.94
Conservation of Native Prairies
To conserve native prairies, managers seek to increase the abundance of native
species and reduce the abundance of weedy non-native species.Two approaches can
achieve these goals, (1) control of propagule availability and(2) control of mortality
factors. The results from this study suggest the followingmanagement options.
Native species
Sowing extra seeds of the two native species should increase theirpopulation
sizes, assuming that safe-sitesare not limited. Even if long-distance dispersal occurs, an
outside source of seeds is necessary to reintroducethese species on sites where these
species are absent, because seeds of the native species didnot persist in the soil.
Applying pesticides that prevent vertebrate seed predation for Bromuscarinatus
and invertebrate seed predation for Prunella vulgaris beforesowing will increase
seedling establishment rates, assumingno compensatory mortality by other factors.
Sowing seeds in natural or artificialgaps in the vegetation will increase seedling
establishment of Bromus carinatus.
Non-native species
Controlling propagule availability ismore likely to control abundance of the non-
native species than is controlling mortality factors. Becausethe annual Cynosurus
echinatus lacks a persistent seed bank, removal of the on-siteseed source by mowing
before seed maturation should eventually eliminate thepopulation. In contrast, removal
of seeds before production may not eliminatea population of Daucus carota because it95
can regenerate from propagules in its persistent seed bank. If, however, theseed bank
receives no new seed inputs, itmay be virtually eliminated after 5-6 years (Roberts
1986). Disturbances that creategaps in the vegetation decrease seedling death from
competition for Cynosurus echinatus. Thus, eliminatingthis type of disturbance will
decrease abundance of this species.96
CHAPTER 4
EFFECTS OF FUNGAL DISEASE ON SEEDS ANDSEEDLINGS
IN A WESTERN OREGON NATIVE PRAIRIE
INTRODUCTION
Microbial disease is a generally unstudied but potentiallyimportant influence on
plant population dynamics and plant communitydiversity in natural ecosystems (reviews
by Burdon and Shattock 1980, Dinoor and Eshed1984, Burdon 1987, Kranz 1990).
Many examples demonstrate the role pathogens havein determining population sizes and
distributions, and, thus, community composition (Pratt andHeather 1973, Dinoor and
Eshed 1984, Weste 1987, Supkoff et al. 1988,von Broembsen 1989, Kranz 1990,
Carlsson et al. 1990, Dobson and Crawley 1994).By controlling the distribution of plant
populations, pathogens can enforce absenceor rarity of species (Sewell 1981, Harper
1990). Thus, disease in natural vegetationmay be unapparent with only rare signs of
damage, but nevertheless may bea significant factor regulating population and
community dynamics.
Given the substantial magnitude of seedling death causedby microbial pathogens
in agricultural systems (Sewell 1981, Harman andStasz 1986), pathogens are likely to be
a significant cause of the tremendous seedling mortality in natural ecosystems (Peart
1984, McConnaughay and Bazzaz 1987, Peart 1989,Thompson and Baster 1992, Reader
1993). The pathogens known to be majorcauses of seed and seedling death (Pythium,
Rhizoctonia, Phytophthora and Fusarium)are among the most ubiquitous of soil-borne
fungi (Sewell 1981, Harman and Stasz 1986,Bruehl 1987). Yet the effect of these fungi
on seeds and seedlings in natural systems has rarely been documented (Burdon 1987,97
Kranz 1990) due to the inherent difficulties inascribing seed and seedling losses to one
of several possible mortality factors. One potentialmethod for determining the
magnitude of death caused by fungi isto exclude them experimentally with fungicides
(Burdon 1987, Paul et al.1989, Harper 1990).Although investigators have used chemical
exclusion in agricultural experiments (Kreitlowet al. 1950, Michail and Carr 1966,
Clements et al. 1982, Dowling and Linscott1983, Jansen and Ison 1995), few have
chemically excluded pathogenic fungi,particularly those causing seedling death, in
natural vegetation (Lonsdale 1993)
The objective of this studywas to determine the magnitude of seed and seedling
death caused by fungal disease for fourcommon plant species in western Oregon native
prairies. The approach used to address thisquestion included both field and pot
experiments which chemically excluded soil-borne pathogenscharacteristically
associated with seed and seedling deathswere.
METHODS AND ANALYSIS
Study species
The four study species, Bromus carinatus Hook andAm. var. carinatus,
Cynosurus echinatus L., Daucuscarota L., and Prune lla vulgaris var. lanceolata
(Barton) Fern. are dominant at the study site (Table 4.1).The criteria for species
selection were that the study species (1)represent a variety of life histories, (2) be
common and abundant in western Oregon prairies, and (3) produce sufficient seedsfor
the research. Nomenclature follows Hitchcock andCronquist (1973).98
Table 4.1. Description of the study species.
Species Family
Native to
Oregon? Life-span
Seed
description
Bromus carinatus var. carinatus Poaceae yes perennial awned
Cynosurus echinatus Poaceae no annual awned
Prune lla vulgaris var. lanceolata Labiatae yes perennial hard-seeded
Daucus carota Apiaceae no biennial barbed
The Eurasian Prune lla vulgarisvar. vulgaris has the middle cauline leaves about
half as wide as long, with a broadly rounded base.It grows occasionally in disturbed
sites in the Northwest, where it is often dwarfedand prostrate (Hitchcock and Cronquist
1973). The native American Prune lla vulgarisvar. lanceolata is ascending or erect, with
middle cauline leaves abouta third as wide as long and more tapering toward the base
(Hitchcock and Cronquist 1973). The variety that iscommonly found in undisturbed
habitats in Oregon is generally consideredto be the native variety (H. Chambers 1995,
personal communication).
Throughout this study, the study species will be referredto as Bromus carinatus,
Cynosurus echinatus, Daucus carota and Prunellavulgaris. Although the term seed is
used, it is refers to the diaspore, i.e., the seedand any associated structures.
Field experiment
The field experiment was part ofa larger study (Chapter 3), which quantified the
post-dispersal seed fates of four species ina western Oregon native prairie.99
Study site
The study site is an upland prairie, with silty clay loam (Dixonvillesoil series)
dominated by the native bunchgrasses, Festuca idahoensisvar. roemeri, Bromus
carinatus, and Elymus glaucus. This site, part of the Open SpacePark managed by
Benton County Parks, is located approximately 8kilometers northwest of Corvallis,
Oregon, in the foothills of the Coast Range (T11S, R6W, Sec 25,W.M.). The elevation
is approximately 300 m witha 30-50% slope, and a westerly aspect. The site is one of
the few remnants of a vast prairie and oak-savannaecosystem that covered much of the
Willamette Valley until after the 1840s (Boag 1992). The entireWillamette Valley has a
fairly homogeneous climate with mild,wet winters, moderate and dry summers, and cool
nights. Corvallis (Owenby and Ezell 1992) hadan average annual precipitation of 108
cm, an average maximum January temperature of 7.5° C, and maximumaverage July
temperature of 26.8° C. The average precipitation during the firstyear of this study (June
1991-May 1992) was 6.14 cm and for the secondyear (June 1992-May 1993), 8.84 cm
(George Taylor, OR State Climatologist). Theaverage maximum temperature for
January 1992 was 9.7°C and for January 1993, 5.3°C. Theaverage maximum
temperature for July 1992 was 27.8°C and for July 1993, 23.2°C.
Experimental design and treatments
In early July, 1991, twenty 2.2m x 2.2 m blocks were randomly located at the
study site. Ten of these blockswere mowed as part of the larger study (Chapter 3) and
excluded in this present study. Within each block,two randomly placed plots (25 cm x
35 cm) were either treated with fungicidesor left untreated. Three other randomly100
placed plots in each block receivedone of three caging treatments as part of the larger
study (Chapter 3). Four subplots, each 5cm in diameter, were located and permanently
marked with nails within each plot. Twenty-fiveseeds of one of the four species were
sowed into a subplot immediately followingseed collection at the study site. Data were
not collected on all the fungicide treated plots, resultingin unequal sample sizes, n = 4
for fungicide treated plots andn = 20 for untreated plots for each species.
A mixture of two fungicideswas used for the fungicide treatment: metalaxyl, N-
(2, 6-dimethylphenyl)N-(methoxyacetyl) alanine methyl ester, and Captan, N-
tricholoromethylthio-4-cyclohexene -1,2, dicarboximide. Bothfungicides are commonly
used to prevent pre- and post-emergencedamping-off of seedlings caused by fungi
(USEPA 1975, Jeffs 1986, Schwinn and Urech1986, Koepsell and Pscheidt 1995).
Metalaxyl protects seeds and seedlings fromdisease caused by Oomycetes, e.g.,Pythium
and Phytophthora (Schwinn and Urech 1986).The broad spectrum fungicide Captan
was added to protect against seedling diseases caused by other fungi,such as Rhizoctonia
(Agnihotri 1971, Wainwright and Pugh 1975,USEPA 1975, Jeffs 1986). Captan was
sprayed on the soil surfaceevery two weeks and metalaxyl sprayed every 30 days, using
the manufacturer's recommendedrates, beginning August 1, 1991 and ending May 28,
1992.101
Data collection
In mid-June 1992, approximatelyone year after seeds were sowed, the number of
seedlings for each of the studyspecies was counted in each subplot. Backgroundcounts
for each specieswere made from the number of seedlings established in subplotsnot
sowed with the study species.
Analysis
The data were analyzed using allcomponents of the larger study (for methods, see
Chapter 3). For each species, seedlingnumbers was analyzed for treatment effects using
split-plot analysis of variance(ANOVA) (Steele and Torrie 1960). Mowingwas the
whole plot factor, with blocks nestedwithin the mowing treatment, and treatmentwas the
subplot factor (with the subplot beinga factorial design of caging and fungicide). The
General Linear Model (GLM) procedureof the SAS Institute statistical software, version
6.08, and type HI sum ofsquares were used for the analysis. Inspection of normality
plots of the residuals showed thatthe ANOVA assumption of normalitywas met.
Inspection of plots of residuals againstpredicted values showed that the ANOVA
assumption of constant variancewas met. The statistical power of this experimentwas
determined for non-significant results(Cohen 1969, Appendix 4).102
Fungicide effectiveness and effectson germination
Additional experiments were conducted priorto and concurrently with the field
experiment to determine if the fungicides usedin the field experiments affected on seed
germination and whether the fungicideswere effective in controlling soil pathogenic
fungi.
Fungal biomass experiment
To determine the effectiveness of the fungicidetreatment in reducing the soil
fungal population, fungal biomasswas compared between soil samples collected from
fungicide treated plots and untreated plots. Six pairedplots (each 1 m x 0.5 m) were
randomly placed at the study site. One plot of the pairwas sprayed on various dates with
a mixture of the two fungicides (Captan and metalaxyl), the concentration of which
varied between sample dates (described below).The other plot of the pair was left
untreated. For the later comparisons,a third plot was added that was sprayed with only
water. On six different dates, a composite of three soil samples,totaling approximately
10 grams (wet soil), was collected from thesoil surface of each of the plots. The fungal
biomass in each sample was measured by the SoilMicrobial Biomass Service, Oregon
State University, using the fluorscein diacetate method(Ingham and Klein 1984, Lodge
and Ingham 1991).
The sampling schedule and fungicide concentrationswere as follows:
1.March 5, 1992: Soil sampleswere collected from six paired plots, half of which
received no fungicide treatment and half of whichhad been sprayed 14 days earlier with
Captan and metalaxyl, using thesame concentrations as in the field experiment.103
2.April 2, 1992: A second set of soil sampleswas collected from the same six
paired plots, 15 days aftera second spraying of Captan and metalaxyl, using the same
concentrations as in the experimenton seed and seedling fates.
3.April 6, 1992: A third set of soil sampleswas collected from the same six paired
plots, but this time sampleswere collected 4 days after spraying with Captan and 19 days
after spraying with metalaxyl, using thesame concentrations as used in the field
experiment.
4.April 28, 1992: A fourth set of soil sampleswas collected from the same six
paired plots, six days after the treated plotswere sprayed with an increased dosage of
fungicide: Captan was increased to five timesthe field rate and metalaxyl was increased
to two times the field rate.
5.May 11, 1992: Five new blockswere randomly located at the study site. Within
each block, three plots (each 1m x 0.5 m) were treated with either a) fungicides, b)
water, or c) left untreated. The water treatmentwas added because the field soil was
beginning to dry. Soil sampleswere collected from the new set of field plots five days
after using a fungicide treatment three times thefield rate of Captan and two times the
field rate of metalaxyl.
6.May 26, 1992: Soil sampleswere collected from the previous five plots 15 days
after application of Captan and metalaxyl. Thefungicide dosage of Captan was increased
to ten times the field rate, and dosage of metalaxylwas increased to two times the field
rate.
For the March and April data, comparisonswere made between the soil biomass
of the fungicide treated and untreated plots,using a paired t-test. For the May data,104
comparisons were made between the soil biomass ofthe fungicide treated, water treated
and non-fungicide treated plots, usinga Friedman two-way analysis.
Seed germination
Twenty seeds of each specieswere sowed in each of ten Petri dishes lined with
filter paper. The fungicides Captan andmetalaxyl were applied to the seeds in five of the
Petri dishes at the same concentrationsused in the field experiment. Seeds in the other
five Petri dishes were left untreated. ThePetri dishes were randomly placed in a
germinator at 30° C day/20° C night with 14 hours oflight and watered with distilled
water as needed. Germination was monitored and recorded weekly.A seed was
considered germinated when the radicle emergedfrom the seed coat. Monitoring
continued until no new germination occurred for10 days.
For each species, the germinationpercentages were statistically compared
between the fungicide treated seeds and non-fungicidetreated seeds, using a one-way
analysis of variance (Sokal and Rohlf 1981) performedby the statistical software,
Statgraphics, version 5.0. Inspection of normalityplots of the residuals showed that the
ANOVA assumption of normalitywas met. Inspection of plots of residuals against
predicted values showed that the ANOVAassumption of constant variance was met.105
Pot experiments 1 and 2
In the second year, 1993, the question offungal disease in natural vegetation was
addressed using a more controlled approach,where seeds were sowed in pots of field soil
rather than at the field site.
Pot experiment 1
Methods
In November, 1992, twenty paired samples of fieldsoil with intact vegetation
were randomly collected from the study site of the field experiment andplaced in pots
(approximately 20 cm diameter and 20cm deep). One-half side of each pot was sowed
with twenty seeds of each of the fourstudy species, Bromus carinatus, Cynosurus
echinatus, Daucus carota, and Prunellavulgaris (80 seeds/pot). The seeds in one of the
paired pots (chosen at random)were coated with an organo-mercury fungicide Ceresan,
which controls pre-emergent damping offby fungi. The seeds in the other pot of the pair
were left untreated. The half side of the pot in whichno seeds were sowed was
monitored for background seedling establishmentof the study species.
The pots were buried in the ground outside Universitygreenhouses so that the
soil level of the pots waseven with the soil surface level. To simulate field conditions,
the pots received water from only rainor snow and were unprotected from outdoor
temperatures. Seeding numberswere counted in early February, 1993, and again in late
April.106
Analysis
The number of seedlings in each the treated anduntreated replicate was adjusted
for the background counts by subtractingthe number of seedlings found in the adjacent
control. After adjustment for the backgroundcounts, the number of seedlings from the
pots with fungicide treated seeds was compared to the number of seedlingsfrom the pots
with non-fungicide treated seeds, usinga paired t-test (Sokal and Rohlf 1981) for the
February data. This analysiswas repeated for the April data. Analyses were performed
using the statistical package, Statgraphics,version 5.0. Inspection of the variable
histogram showed that the assumption of normalitywas met. The power of the statistical
test was determined for non-significant results (Appendix 4).
Fungicide effects on germination
Methods
Prior to the pot experimentsa laboratory test was conducted to determine effects
of the fungicide used (Ceresan)on germination percentages. Twenty seeds of each
species were sowed in each of 20 Petri disheslined with filter paper. The seeds in ten of
the Petri dishes were treated with the fungicideCeresan at the same concentration used
with the pot experiment. The seeds in the remainingdishes were left untreated. The
Petri dishes were put in a germinatorat 30° C day and 20° C night with 14 hours of light
and watered with distilled water when needed.Germination was monitored and recorded
weekly. A seed was considered germinatedwhen the radicle emerged. Monitoring
continued until no new germination occurred for 10days.107
Analysis
The germination rateswere statistically compared between the fungicide treated
seeds and non-fungicide treated seeds foreach of the four species using a one-way
analysis of variance (Sokal and Rohlf1981) with the statistical software, Statgraphics,
version 5.0. Inspection of normalityplots of residuals showed that the ANOVA
assumption of normalitywas met. Inspection of residuals against predicted values
showed that the ANOVA assumption forconstant variance was met.
Pot disease experiment two
The pot disease experimentwas repeated in the spring to account for any seasonal
differences in optimal conditions forgermination and fungal activity.
Methods
Existing pots and soil from the firstpot disease experiment were used. The side
in which the backgroundcounts had been counted for the first pot experimentwas
divided in half and one of these halveswas randomly selected in which to sow the new
set of seeds; that is, one-quarter of the entirepot was used as the experimental unit for
the new study, pot experiment 2. In earlyMarch, 1993, twenty seeds of each species
were sowed in each pot (80 seeds/pot). Seeds inone of the pots of the pair (the same pot
that received the fungicide treated seeds inthe first pot experiment) were treated with the
fungicide Ceresan at thesame concentration used in the first pot experiment. The seeds
in the other pot of the pairwere untreated. The remaining quarter of the pot was used to108
monitor background counts of seedlings for this second experiment.Final data collection
was in late April, 1993.
Analysis
After adjustment for the background counts, the seedling numberfrom the pots
with fungicide treated seeds was comparedto the seedling number from the pots with
non-fungicide treated seeds, usinga paired t-test analysis (Sokal and Rohlf 1981). The
analysis was performed using the statistical software, Statgraphics,version 5.0.
Inspection of the variable histogram showed that the assumption ofnormality was met.
The power of the statistical testwas determined for non-significant results (Appendix 4.)
RESULTS AND DISCUSSION
Field experiment
Seedling establishment increased with fungicidetreatment for Cynosurus
echinatus, Daucus carota, and Prunella vulgaris (Table 4.2).The increase was
statistically significant, however, for only Daucuscarota (P = 0.05), with no significant
interactions (Table 4.3). Thus, the results for Daucuscarota support the hypothesis that
soil-borne pathogenic fungi cause significant seed/seedling mortalityin the absence of
fungicide
Three possibilities can explain the non-significant results for threespecies: (1)
lack of statistical power to detect differences in the number ofseedlings between the
treated and untreated plots, (2) ineffective fungicides,or (3) no fungal disease of these109
seeds/seedlings. Before concluding that fungaldisease is not significantly contributing to
seed and seedling mortality, alternativesone and two need to be examined.
Statistical power
Before concluding the treatments hadno effects when statistical tests show non-
significant results, it is important to calculatethe statistical power of the experiment to
detect a pre-determined effect difference (effectsize) between treatments (Appendix 4).
Table 4.2. Number seedlings establishingout of 25 sowed seeds treated with and without
fungicides Captan and metalaxyl ina western Oregon native prairie in 1991-1992 for each of
four species. Standard deviation is indicatedby sd. The sample size was four for the fungicide
treatments and 20 for the non-fungicide treatments when mowed andunmowed blocks were
combined.
fungicide no fungicide
Species mean sd mean sd
Bromus carinatus 4.6 3.8 5.0 4.2
Cynosurus echinatus 9.5 4.6 6.0 4.4
Daucus carota 6.4 5.6 4.5 4.5
Prunella vulgaris 6.3 7.7 4.5 4.0
For this research the objectivewas to detect at least a 10% seed loss by fungal decay of
the original number of sowed seeds. A10% reduction of the original 25 seeds that were
sowed in field experiment isa 2.5 seedling difference between treated and untreated
plots.110
Table 4.3. Split-plot analysis of variance comparingeffects of fungicides Captan and metalaxyl
on seedling establishment in 1991-1992 for four species ina western Oregon native prairie.
Mowing (a treatment from a larger study)was the whole plot factor with blocks nested within
the mowing treatment. The subplot factorwas fungicide treatment and caging treatment, which
was part of a different study. Means are presented in Table 4.2.
Source
a)Bromus carinatus
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
b)Cynosurus echinatus
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
c)Daucus carota
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
d)Prune lla vulgaris
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
df sum of squares
1 35.2 2.02 0.17
18 313.5
1 25.9 2.07 0.16
1 18.4 1.47 0.24
1 30.9 2.47 0.13
1 0.8 0.07 0.80
1 0.3 0.02 0.88
21 262.6
1 0.8 0.04 0.84
18 348.7
1 20.0 1.10 0.31
1 7.2 0.39 0.54
1 0.1 0.00 0.95
1 17.3 0.95 0.34
1 23.8 1.30 0.27
23
1 18.7 0.75 0.40
18 447.3
1 45.8 2.29 0.14
1 86.9 4.36 0.05
1 9.1 0.45 0.51
1 1.8 0.09 0.77
1 5.0 0.25 0.62
23 458.6
1 0.2 0.01 0.91
18 332.5
1 36.9 1.47 0.24
1 0.1 0.00 0.96
1 26.9 1.07 0.31
1 13.0 0.52 0.48
1 57.2 2.27 0.15
23 1060.7111
Table 4.4. Power analysis of four experimentsthat compared seedling establishment between
fungicide treatments for four species ina western Oregon native prairie. See the text for
descriptions and results of the four experiments: (1) fieldexperiment, (2) pot experiment one,
February data, (3) pot experimentone, April data, and (4) pot experiment two. The second and
third columns list the power (%) of each experimentto detect an effect size of a 1.5 seedling
difference and a 2 seedling difference between fungicidetreated treatments. A 2 seedling
difference is 10% of the original number of sowed seeds(20) for the pot experiments and is 8%
for the field experiment where 25 seedswere sowed. The last column lists the effect size for
each experiment that can be detected with 78%power.
Experiments
a)Bromus carinatus
1.field experiment
2.pot exp. one, Feb
3.pot exp. one, Apr
4.pot exp. two
b)Cynosurus echinatus
1.field experiment
2.pot exp. one, Feb
3.pot exp. one, Apr
4.pot exp. two
c:Daucus carota
1.field experiment
2.pot exp. one, Feb
3.pot exp. one, Apr
4.pot exp. two
d)Prunella vulgaris
1.field experiment
2.pot exp. one, Feb
3.pot exp. one, Apr
4.pot exp. two
Power (%) to detect difference of Effect size
1.5 seedlings 2 seedlings at 78% power
63 85 1.8
52 72 2.2
83 97 1.4
57 78 2.0
>93 >98 1.5
>98 >99 1.0
98 >99 0.9
37 55 2.7
>98 >98 1.1
>99 >99 0.8
>99 >99 0.5
>99 >00 0.3
>98 >98 1.5
78 98 1.5
>99 >99 0.4
42 61 2.5112
Power analysis for Cynosurus echinatus, Daucuscarota and Prunella vulgaris
showed at least 93%power to detect a 1.5 or greater seedling difference (6% of the
original number of sowed seeds) between treatedand untreated field plots (Table 4.4).
For Bromus carinatus,power was 85% to detect a 2 seedling difference (8% of the
original population).In contrast, power to -detect 1.5 seedling difference forBromus
carinatus was only 58% (Table 4.4).
For three species, Cynosurus echinatus, Daucuscarota and Prunella vulgaris,
this experiment had sufficientpower (at least 78%) to detect potential seedling mortality
caused by fungi of 6% or greater of the originalnumber of seeds sowed (25 seeds). For
Bromus carinatus there was approximately 80%power to detect a mortality rate of 7.2%.
Thus, insufficient statisticalpower does not explain the absence of significant fungicide
treatment effects in the field experiment.
Fungicide effectiveness and effectson germination
A second explanation for non-significant results is that thefungicide treatment
was less than 100% effective. The fungicides used in this study, Captan andmetalaxyl,
have good records of effectively protectingseeds and seedlings of crop species from
fungal disease (USEPA 1975, Jeffs 1986,Schwinn and Urech 1986, Koepsell and
Pscheidt 1995). Furthermore, that seedling establishmentof Daucus carota increased
significantly with the fungicide treatment (Tables4.2 and 4.3) argues for adequate
fungicide effectiveness.
In the fungal biomass experiment, fungal biomass decreased inthe fungicide
treated plots only on three sample dates (April 6,May 11 and 21), but the decrease was113
not statistically significant (April 6, P= 0.30; May 11, P = 0.45; May 21, P = 0.25)
(Table 4.5). In contrast, fungal biomasswas higher in the treated plots on the first
sampling date and as wellon the April 28 date (Table 4.5).
Power analyses on the non-significant resultswas not conducted due to the
difficulties in estimating the biologically significant effectsize, that is, what is the
Table 4.5. Comparison of soil fungal biomass (micrograms/gramdry weight of soil) between
soil samples collected from field plots treated with fungicidesCaptan and metalaxyl and
untreated plots. Soil samples were collectedon various dates in 1992 in a western Oregon native
prairie. For the March 5 through April 28 sample dates,n = 6; for May 11 and 21, n = 5. For the
March and April samples, comparisonswere made between treatments using a non-parametric
procedure, the Wilcoxon signed rank test. For the lasttwo sampling dates, comparisons were
made between three treatments (fungicide,no fungicide, and water) using a Friedman two-way
analysis, a non-parametric procedure. For the Wilcoxontest, P is the probability of falsely
rejecting the null hypothesis ofno decrease in fungal biomass with the fungicide treatment. For
the Friedman test, P is the probability of falselyrejecting the null hypothesis of no differences
between fungicide treatments. Standard deviationsare indicated by sd.
fungicide no fungicide water
Date mean sd mean sd mean sd
March 5 45.22 13.14 24.25 10.97 0.48
April 2 63.71 11.52 58.28 28.50 0.30
April 6 55.76 30.52 89.06 56.34 0.30
April 28 60.94 19.58 32.74 11.38 0.48
May 11 21.56 8.34 30.20 17.36 27.02 13.68 0.45
May 21 22.48 14.16 31.60 18.18 40.54 12.39 0.25
minimum decrease in fungal biomassnecessary to cause a decrease in seedling mortality?
First, it is unknown what proportion of the total fungalbiomass is composed of the
potential soil-borne pathogens. Thus,a five percent decrease in total fungal biomass
might reflect 100% reduction in these pathogens ifthey comprised five percent of total114
fungal biomass. Yet if these pathogenic fungicomprised 40% of the population, a five
percent reduction of the total fungal biomass is notas severe.
Table 4.6. Comparison of germination under laboratoryconditions between seeds treated with
fungicides Captan and metalaxyl and untreated seeds for fourspecies found in western Oregon
native prairies. The sample sizewas five Petri dishes with each replicate containing twenty
seeds. Standard deviation is indicated by sd. P is theprobability of differences occurring
between the fungicide treatments just by chance.
Species
fungicide no fungicide
mean % sd mean % sd
Bromus carinatus 83 15.3 86 8.9 0.72
Cynosurus echinatus 98 2.7 98 2.8 0.98
Daucus carota 67 7.6 80 117 0.07
Prunella vulgaris 75 12.3 75 16.6 1.00
A significant decrease in the fungal biomass of the fungicidetreated plots would
have supported our hypothesis that the fungicides,Captan and metalaxyl, reduced the
abundance of the target fungal species. Nevertheless,non-significant results do not
necessarily invalidate this hypothesis. Non-target fungioften increase after the reduction
of target fungal populations by fungicides, possiblycaused by competitive release
(Agnihotri 1971). These reportsmay also explain our initial results on the first sampling
date of greater fungal biomass in the treated plotsthan in the untreated plots (Table 4.5).
Thus, the results of this fungal biomass testare ambiguous in that they do not clearly
show whether the fungicides metalaxyl and Captan reducedthe target population of soil-
borne fungi that characteristicallycause pre- and post emergence damping off of
seedlings.115
In the laboratory seed germination experiment,germination was similar between
the Captan/metalaxyl treated seeds and theuntreated seeds (Table 4.6) with no significant
differences (Table 4.5) for all species: Bromuscarinatus (P = 0.72), Cynosurus echinatus
(P = 0.98), Daucus carota (P= 0.07) and Prunella vulgaris (P = 1.0), supporting the null
hypothesis of no fungicide effectson germination. Analysis shows the following power
to detect a 15% difference in germination between treatedand untreated seeds: Bromus
carinatus 39%, Cynosurus echinatus >91%,Daucus carota 61%, and Prune lla vulgaris
29%.
Pot experiments 1 and 2
To address the possibility of less than 100% effectivefungicide activity, a
different fungicide, Ceresan (anorganomercury fungicide), was used the next field
season. In contrast to the field experiment where the fungicideswere sprayed on the soil
surface, Ceresan was applied directlyto the seeds. Because of the potentially long-
lasting toxicity of this fungicide in the soil(Jeffs 1986), the experiment was conducted
under more controlled conditions usingpots of field soil rather than sowing the seeds
directly at the field site.
Seedling establishment for the Februarypot experiment one was low (< 2 seeds
out of 20, Table 4.7), which is often typical of grassland species(Peart 1984,
McConnaughay and Bazzaz 1987, Peart 1989,Thompson and Baster 1992, Reader
1993). Seedling establishmentwas similar between fungicide treatments for all four
species with no statistical differences: Bromuscarinatus (P = 0.95), Cynosurus echinatus
(P = 0.69), Daucus carota (P= 0.25), Prune lla. vulgaris (P = 0.55) (Table 4.7).116
Data were collected a second time in April for thisfirst pot experiment, the
rationale being that fungimay have been killing seeds in the fall even though
environmental conditions limited seed germination.Thus, as seed germination continued
through the spring, the expectationwas that the fungicide treatments would have
increased seedling establishment comparedto the non-fungicide treatments.
Table 4.7. Comparison of mean numbers of seedlingsestablishing between pots sowed with
seeds treated with fungicide Cerasan and pots sowed withuntreated seeds from November 1992
until February 1993 for four species ofa western Oregon native prairie. The sample size was
twenty paired pots, each of which was sowed with twenty seeds of each ofthe four species.
Seedling numbers are adjusted for backgroundcounts. Standard deviations is indicated by sd. P
is the probability of falsely rejecting the null hypothesisof no difference in mean seedling
establishment between fungicide treatments (paired t-test).
fungicide no fungicide
Species mean % sd mean % sd P
Bromus carinatus 1.58 2.97 1.63 2.17 0.95
Cynosurus echinatus 0.42 1.71 0.58 0.84 0.69
Daucus carota 0.21 0.92 0.58 1.39 0.25
Prunella vulgaris 1.26 2.49 0.89 1.20 0.55
Alternatively, the results for the first pot experiment suggestedthat the conditions
during late fall and early wintermay limit both seed germination and pathogenic fungi
activity. Therefore, the pot experimentwas repeated a second time the following March.
Seedling establishment was similar between fungicidetreatments for the April pot
experiment one (Table 4.8) withno significant differences for all four species: Bromus
carinatus (P = 0.18), Cynosurus echinatus (P= 0.20), Daucus carota (P = 1.00), and
Prune lla vulgaris (P = 0.77). This patternwas repeated for the second pot experiment in117
which seedling establishmentwas similar between fungicide treatments (Table 4.9) with
no significant differences for all four species: Bromus carinatus (P= 0.10), Cynosurus
echinatus (P = 0.15), Daucus carota (P= 1.0), and Prune lla vulgaris (P = 0.26).
Although these non-significant resultssuggest that fungal disease is not occurring in
these pot experiments, statisticalpower and fungicide effectiveness need to be examined
before making this conclusion.
Table 4.8. Comparison of mean number of seeds establishingbetween pots with seeds treated
with and without fungicide Cerasan from November1992 through April 1993 for four species of
a western Oregon native prairie. The sample size was twenty pairedpots, each of which was
sowed with twenty seeds of each of the four species. Seedlingnumbers are adjusted for
background counts, which allows the negative establishmentfor Cynosurus echinatus. Standard
deviation is indicated by sd. P is the probability of falselyrejecting the null hypothesis of no
difference in mean seedling establishment between fungicidetreatments (paired t-test).
fungicide no fungicide
Species mean sd mean sd
Bromus carinatus 0.79 1.36 1.58 2.220.18
Cynosurus echinatus -0.21 1.65 0.26 0.650.20
Daucus carota 0.05 0.71 0.05 0.23 1.00
Prunella vulgaris 0.05 0.23 0.11 0.740.77118
Statistical power
Analysis show fairly strong statisticalpower (about 80%) for all three pot
experiments to detect at least a two seedling increase in treated seeds,which is a 10% of
the original 20 sowed seeds (Table 4.4). Powerwas virtually 100% to detect 1.5 to 2
Table 4.9. Comparison of number of seeds establishingbetween pots sowed with seeds treated
with and without fungicide Cerasan from March 1993 through April 1993for four species of a
western Oregon native prairie. The sample size was twenty paired pots, each of whichwas
sowed with twenty seeds of each of the four species. Seedling numbersareadjusted for
background counts. Standard deviationsare indicated by sd. P is the probability of falsely
rejecting the null hypothesis of no difference inmean seedling establishment between fungicide
treatments (paired t-test).
fungicide no fungicide
Species mean sd mean sd P
Bromus carinatus 12.80 3.20 11.40 3.19 0.10
Cynosurus echinatus 5.89 4.39 5.72 3.66 0.15
Daucus carota 0.16 0.37 0.16 0.50 1.00
Prunella vulgaris 0.89 1.85 2.11 4.18 0.26
seedlings increase for Daucus carota. In contrast, thepower for Bromus carinatus
ranged from 50 to 95% to detect 1.5 to 2 seedling increase (Table4.4).
The within-species resultswere not as consistent for Cynosurus echinatus and
Prunella vulgaris as for Daucus carota and Bromuscarinatus, with power higher for the
first pot experiment compared to the secondpot experiment (Table 4.4). Even so, for
both Cynosurus echinatus and Prunella vulgaris,power was approximately 80% in the
second pot experiment to detect at leasta 2.7 seedling difference, which is 13.5% of the
original number of seeds sowed (Table 4.4).119
In conclusion, this experimental design generally allowed sufficientpower (at
least 80%) to detect seedling mortality caused by fungi10% or greater of the original
number of seeds sowed (20 seeds). Thepower was less than 80% to detect a seedling
mortality rate 5% or less. Seedling establishmentwas small in all the pot experiments,
often less than the 1.5 to 2 seedling effect size-(Tables 4.7, 4.8and 4.9). These results
suggest that lack of germination or other causes of mortalityare obscuring any mortality
caused by fungi.
Fungicide effectiveness and effectson germination
A second explanation for non-significant results is that thefungicide treatment
was less than 100% effective. The organomercury fungicide used in this study, Ceresan,
is an eradicant and protectant witha broad spectrum of toxicity to fungi causing disease
of crop species (Jeffs 1986, Mac Swan and Koepsell 1987,Thomson 1988).
Organomercury fungicides do not generally decrease seed germination(Jeffs
1986). Germination was similar between fungicidetreatments in the laboratory seed
germination experiment of this study (Table 4.10), withno significant differences for all
four species: Bromus carinatus (P= 0.65), Cynosurus echinatus (P = 0.20), Daucus
carota (P = 0.55) and Prunella vulgaris (P= 0.10), thus supporting the hypothesis of no
fungicide effects on germination. Analysis shows the followingpower to detect a 15%
difference in germination between treated and untreatedseeds: Bromus carinatus, 91%;
Cynosurus echinatus, >93%; Daucus carota >93%; Prunellavulgaris 68%.120
General discussion
In summary, seedling establishment forthe study species was generally similar
between fungicided treated and untreatedseeds for both the pot and field experiments.
The results were similar despite conductingthe experiments in differentyears, in field
experiments vs. pot experiments, with differentfungicides, and with different modes of
Table 4.10. Comparison of germinationpercentages under laboratory conditions between seeds
treated with and without fungicide Cerasan forfour grassland species in a western Oregon native
prairie. The sample size was ten with eachreplicate containing twenty seeds. Standard
deviation is indicated by sd. P is the probabilityof falsely rejecting the null hypothesis ofno
difference in means between treatments.
Species
fungicide no fungicide
P mean sd mean sd
Bromus carinatus 87.22 10.64 85.00 9.72 0.65
Cynosurus echinatus 97.50 3.54 95.00 4.71 0.20
Daucus carota 92.50 6.35 90.50 7.98 0.55
Prune lla vulgaris 82.50 12.75 72.03 13.90 0.10
fungicide application (to soilvs. on seeds). The one exception occurred in the field
experiment, where seedling establishment ofDaucus carota was significantly higher in
the fungicide treated plots than in theuntreated plots. This result, however,was not
repeated with the pot experiments conductedthe following year. The generally non-
significant results coupled with the fairlyhigh statistical power of these experiments and
the past records of effective performance bythe experimental fungicides suggest that
common soil-borne fungal pathogens did notcause seed/seedling mortality at magnitudes
of 10% or greater of the original numberof sowed seeds.121
Although the agricultural literatureon seedling death caused by fungal disease is
extensive (Sewell 1981, Harman and Stasz 1986),studies that quantify seed or seedling
death by fungi in natural vegetationare rare. Microbial pathogens have been implicated
as the cause of unexplained losses in many buried seeds studies, but whetherthe loss
was due to microbial decay of senescent seedsor pathogen attack of living seeds and
germinants is unknown (Roberts 1986, Roberts and Neilson1981, Crist and Friese 1993).
The rare studies investigating seed and seedlingmortality by fungi in natural vegetation
describe significant mortality by fungi, incontrast to the results this present study
(Lawrence and Rediske 1962, Mack and Pyke 1984,Augspurger 1990). Fungi accounted
for the greater part of seed loss during thepre-germination period of Doug las-fir seeds
and were also the principlecause of Doug las-fir seedling death (Lawrence and Rediske
1962). The magnitude of loss caused by fungal disease(damping-off) ranked from high
to very low relative to other mortality factors contributingto deaths of tropical tree
seedlings (Augspurger 1990). A significant numberof Bromus tectorum seedlings died
from an infection of a smut Ustilago bullataover a three year period in a semi-arid
grassland (Mack and Pyke 1984).
Using chemical exclusion to determine the effects offungal disease on
seed/seedling mortality has not generally been usedin natural systems, though some
attempts have been made in agricultural research. Studies involvingseedling
establishment in agricultural pastures (Kreitlowet al. 1950, Michail and Carr 1966,
Clements et al. 1982, Dowling and Linscott 1983,Janson and Ison 1995) report mixed
results, but generally demonstrate that fungicideshave often had remarkably little effect122
in increasing seedling establishment.The statistical power of detecting loss due to fungal
disease and the effectiveness of the fungicidesused was not investigated in these studies.
To avoid potential problems in data interpretation,several issues need to be
considered when conducting chemicalexclusion experiments in natural vegetation (Paul
et al. 1989). First, the fungicide needsto be effective. Because fungicides are often
selective for particular fungalgroups, combinations of fungicides may be necessary to
exclude the fungi of interest. For example,in this study, metalaxyl protects seedlings
only from disease caused by Oomycetes,e.g., Pythium and Phytophthora (Schwinn and
Urech 1986); thus, a broad spectrumfungicide, Captan, was added to protect against
seedling diseases caused by other fungisuch as Rhizoctonia (Agnihotri 1971,
Wainwright and Pugh 1975, USEPA1975, Jeffs 1986). Under field conditions, the
effectiveness of the fungicidemay vary depending on such factors as soil physical and
chemical characteristics, soil moisture,and soil microbial content.
The fungicide needs to persist long enoughto answer the specific research
question. Repeated applications of metalaxyland Captan were required in the field
experiment of this study because of the shorteffective time, particularly of Captan
(Agnihotri 1971, Wainwright and Pugh 1975,USEPA 1975, Kuthubutheen and Pugh
1979). The pot experiments of this studywere terminated shortly after seedling
emergence, at which time the organomercury fungicide has limitedeffects on fungal
disease (Jeffs 1986, P. Koepsell 1995,personal communication).
Toxicity to non-target organisms and directeffects on plant species present in the
treated vegetation are also important issues.Paul et al. (1989), one of the first studies to
address this issue, investigated the effects ofseveral commonly used fungicides on the123
growth of 19 wild plant species. The resultsshowed that metalaxyl generally had no
adverse effects on any of species tested (Paulet al. 1989). Captan is generally non-toxic
to crop species (USEPA 1975).
Another difficulty in measuring the magnitudeof fungal disease of seeds and
seedlings in natural vegetation is the considerableamount of variability common in
ecological field experiments. Disease of seeds andseedlings in natural systems is likely
to be markedly patchy due to the strong interaction betweenfungal activity and abiotic
environmental conditions (Burdon 1987, Augspurger1990).Field studies need to be
designed carefully with sufficient statisticalpower to detect biologically significant levels
of fungal disease. From this study, estimatesof the variability to be expected in this
plant community are now available and will beessential in estimating of sample size and
design of future studies.
The results of this studyare contrary to what one might expect, given the high
seedling mortality caused by fungi in agriculturalsystems (Sewell 1981). For fungal
disease to occur, three components of thedisease triangle are necessary: a susceptible
host population, a virulent pathogen populationand abiotic conditions that promote
growth of the fungus relative to the host. Anyor all these components may have been
missing in this study system.
Even when all three components of the disease triangleare present, many studies
in natural vegetation show that diseaseoccurs at insignificant levels (Dinoor and Eshed
1984, Burdon and Shattock 1986, Kranz 1990).One hypothesis is that in natural
communities, a variety of homeostatic mechanisms existin that keep genetic, ecological
and pathological factors in dynamic equilibrium,preventing significant disease levels124
(Dinoor and Esched 1984). When the relative magnitudeof any one of these factors
changes, disease levels increase, sometimes resulting inepidemics (Dinoor and Esched
1984, Burdon and Shattock 1986). Forexample, Fusarium spp. cause considerable
seedling mortality in plant nurseries, butappear to cause little or no disease in
undisturbed natural vegetation (Schisler and Linderman1984). One explanation suggests
that soils of forests and grasslandsmay have greater diversity of organic matter in the
form of litter compared to that of agricultural fieldsor plant nurseries, potentially
increasing the diversity of the saprophytic fungi in the naturalvegetation compared to
agricultural systems (E.M. Hansen 1995, personalcommunication). These saprophytic
fungi may compete against and reduce the abundanceof pathogenic fungi, such as
Fusarium spp., thus limiting seedling disease. Moreover,in agricultural systems there is
probably greater abundance of living tissue (the hostfor Fusarium) than in natural
vegetation due to dense planting of thecrop and supplemental fertilizer and water, further
encouraging the abundance of Fusarium and disease.
Summary
Although disease in natural systems has been generally ignoredby plant
ecologists, considerable evidence indicates that disease,even when unapparent with only
rare signs of damage, is an important process influencing plant population dynamics and
plant community diversity. This study isone of the first to use chemical exclusion of
fungi to determine the effects of fungal diseaseon seed and seedling mortality in natural
vegetation.125
This research showed that disease caused bycommon soil-borne fungi is not
contributing to 10% or greater seedling mortalityrates for four species commonly found
in western Oregon native prairies. The results ofthe three experiments were similar
despite conducting the experiments in differentyears, in field experiments vs. pot
experiments, with different fungicides, and with different fungicideapplications (to soil
vs. seeds).126
CHAPTER 5
EFFECTS OF MOWING ON SEEDLING ESTABLISHMENT
IN A WESTERN OREGON NATIVE PRAIRIE
INTRODUCTION
Rationale
The prairies and oak-savannas of the Willamette Valley ofOregon are considered
among the rarest of western Oregon' ecosystems. Prairies, dominated by bunchgrasses,
were historically maintained by fires set by the indigenous Calapooia peopleto increase
abundance of food plants and forease of hunting (Boag 1992). The frequent fires
prevented the establishment of woody species.
Today, managers of protected prairieremnants want to increase or maintain
populations of native species while discouraging invasions of weedynon-native species.
However, because of environmental regulations andproximity of remnant prairies to
urban areas, fire is not alwaysa feasible management tool and alternatives have been
considered. Mowing can be effective in reducing the abundance of woodyplants, but the
effect on seed regeneration of native and non-native speciesin Valley prairies is
generally unknown (but see Wilson and Clark 1995).
Litter or a leaf canopy from surrounding mature plants reduces theamount of
light available to seedlings. The reducedamount of light may also decrease soil surface
temperatures and increase soil moisture compared to soil withan open canopy. A leaf
canopy also changes light quality by increasing the far-red/red wavelength ratio. This
change in light quality can induce seed dormancy, preventinggermination under
conditions where young seedlings would be exposedto severe competition from mature127
plants (Pons 1992). Only whengaps occur in vegetation is seed dormancy broken by the
relative high red/far-red ratios of unmodified daylight(Pons 1992). These predictions are
supported by laboratory studies thatreport leaf-filtered light induced seed dormancy in
17 of 27 grassland species (Silvertown 1980).Mowing, thus, has the potential effects of
increasing amount of light for emerging seedlings andenhancing germination by
breaking canopy-induced seed dormancy (Silvertown1980, Pons 1992, Deregibus et al.
1994).
Objective
The objective of this studywas to determine the effects of mowing on seedling
establishment of four speciescommon in western Oregon native prairies. The general
approach was to sow seeds of four prairie species intomowed and unmowed field plots
and to compare seedling establishmentone year later between the treated and untreated
plots.
METHODS
Study site
The study site is an upland prairie with silty clay loam (Dixonvillesoil series)
dominated by the native bunchgrasses Festuca idahoensisvar. roemeri, Bromus
carinatus var. carinatus, and Elymus glaucus. This site,part of the Open Space Park
managed by Benton County Parks, is located approximately8 kilometers northwest of
Corvallis, Oregon, in the foothills of the Coast Range(T11S, R6W, Sec 25, W.M.). The
elevation is approximately 300m, with a 30-50% slope facing west. The site is one of128
the few remnants of a vast prairie and oak-savannaecosystem that covered much of the
Willamette Valley until about the1840s (Boag 1992).The entire Willamette Valley has
a fairly homogeneous climate with mild, wet winters, moderate and drysummers, and
cool nights. Measurements made in Corvallis (Owenbyand Ezell 1992) show the
average annual precipitation is 108 cm, average maximum January temperature is 7.5° C,
and maximum average July temperature is 26.8°C. The average precipitation during the
first year of this study (June 1991-May 1992)was 6.14 cm and for the second year (June
1992-May 1993), 8.84 cm (George Taylor, OR StateClimatologist). The average
maximum temperature for January 1992was 9.7°C and for January 1993, 5.3°C. The
average maximum temperature for July 1992 was 27.8°C and for July 1993, 23.2°C.
Study species
The four study species, Bromus carinatus Hook andAm. var. carinatus,
Cynosurus echinatus L., Daucus carota L., and Prunella vulgarisvar. lanceolata
(Barton) Fern. (Table 5.1) are dominantat the study site. The criteria for species
selection were that the study species (1)represent a variety of life histories, (2) be
common and abundant in western Oregon prairies, and (3) produce sufficient seeds for
the research. Nomenclature follows Hitchcock and Cronquist(1973).
The Eurasian Prune lla vulgarisvar. vulgaris has the middle cauline leaves about
half as wide as long, with a broadly rounded base.It grows in the Northwest
occasionally in disturbed sites, where it is often dwarfed andprostrate (Hitchcock and
Cronquist 1973). The native American Prune lla vulgarisvar. lanceolata is ascending or
erect, with middle cauline leaves abouta third as wide as long and more tapering toward129
the base (Hitchcock and Cronquist 1973).The variety that is common in undisturbed
habitats in Oregon is generally consideredto be native (H. Chambers 1995, personal
communication).
Table 5.1. Description of the four studyspecies.
Species Family
Native to
Oregon? Life-span Seed
Bromus carinatus var.
carinatus Poaceae yes perennial awned
Cynosurus echinatus Poaceae no annual awned
Prunella vulgaris var.
lanceolata Labiatae yes perennial hard-seeded
Daucus carota apiaceae no biennial barbed
Throughout this study the four species willbe referred to as Bromus carinatus,
Cynosurus echinatus, Daucuscarota and Prune lla vulgaris. Although the term "seed" is
used in this study, it is refers to the diaspore,i.e., the seed and any associated structures.
Experimental design
In mid-July 1991, twenty 2.2m x 2.2 m blocks were randomly located at the
study site. To determine the influence ofvegetation canopy removal on seedling
establishment, ten blockswere randomly selected and the vegetation mowed to a height
of about 5 cm in early July witha gasoline powered "weed-eater". Litter from the
mowing was left in place. Within each ofthe 20 blocks, five plots (25 cm x 35 cm) were130
randomly placed. One plot of the fivewas left untreated and used in this study. The
other four plots received varioustreatments as part of a different study (Chapter 3).
Four subplots, each 5 cm in diameter,were located and permanently marked with
nails within each plot. Twenty-five seeds ofone of the four study species were sowed
into each subplot immediately following seedcollection at the study site.
Data collection
In mid-June 1992, approximatelyone year after seeds were sowed in the subplots,
the number of seedlings for each of the studyspecies was counted in each subplot.
Background counts for each specieswere made from the number of seedlings in subplots
in which the study specieswere not sowed.
Statistical analysis
The data were analyzed using allcomponents of the larger study (for methods, see
Chapter 3). Seedling establishment of each specieswas analyzed for treatment effects
using split-plot analysis of variance (ANOVA) (Steeleand Tome 1960). Mowing was
the whole plot factor with blocks nested within themowing treatment and treatment was
the subplot factor (these treatments, caging and fungicidewere part of a larger study,
Chapter 3). The General Linear Model (GLM)procedure of the SAS Institute, version
6.08, and type III sum ofsquares were used for the analysis. Inspection of the normality
plots of residuals showed that the ANOVA assumption ofnormality was met. Inspection
of plots of residuals against predicted values showedthat the ANOVA assumption for
constant variance was met.131
For ANOVAs with non-significant treatment effects, analyseswere conducted to
determine the power of the statistical test to detecta 2 seedling difference, which is 8%
of sowed seeds, between the experimentaltreatments (Appendix 4, Cohen 1969).
RESULTS AND DISCUSSION
Seedling establishment was generally low in the unmowed plots (Table 5.2),
which typical of grassland species (Peart 1984, McConnaughay andBazzaz 1987, Peart
1989, Thompson and Baster 1992, Reader 1993).Establishment rates were somewhat
higher in the mowed treatments compared to the unmowedtreatments, particularly for
Bromus carinatus (Table 5.2). Themeans, however, were not statistically different
between treatments for all four species: Bromus carinatus,P = 0.17; Cynosurus
echinatus, P = 0.84; Daucus carota P= 0.40; Prune lla vulgaris P = 0.91 (Table 5.3).
The lack of mowing effects is in contrast to the expectation from laboratory
studies (Silvertown 1980) in which simulated leafcanopy induced seed dormancy in 27%
of Daucus carota seeds and 78% of seeds ofPrune lla vulgaris. The expectation was
that removal of leaf canopy by mowing would increase thegermination rate and
potentially, the seedling establishment rate. However,as pointed out by Pons (1992) and
Deregibus et al. (1994), germinationresponses to phytochrome status are greatly affected
by levels of other factors, such as temperature, nitrogen,photoperiod and irradiance,
which under laboratory conditions do not necessarily correspondto levels under field
conditions.132
Table 5.2. Number seedlings establishing out of 25 experimentally sowed seeds in mowed and
unmowed plots in a western Oregon native prairie in 1991-1992 for each of four species. Ten
blocks were mowed out of 20 blocks. Standard deviation is indicated by sd.
no mow mow
Species mean sd mean sd
Bromus carinatus 87.22 10.64 85.00 9.72
Cynosurus echinatus 97.50 3.54 95.00 4.71
Daucus carota 92.50 6.35 90.50 7.98
Prune lla vulgaris 82.50 12.75 72.03 13.90
Another mechanism, in addition to disturbance, by which seedlings of these study
species escape light competition is by the timing of germination. Seeds of Cynosurus
echinatus and Daucus carota readily germinate under field conditions during fall and
early winter months when mature plants have died back (M. Maret, unpublished data),
thus escaping the more intense shading found later in the spring and earlysummer.
The results from this study suggest that mowing will not promote the
establishment of the two non-native species, Cynosurus echinatus and Daucuscarota,
but neither will mowing promote the establishment of the native species, Bromus
carinatus and Prune lla vulgaris. However, to makeany generalizations about mowing
on seed regeneration, comprehensive studies involving numerous grassland species and
sites are required. To make the best management decision involving mowing, other
related studies are needed to determine long-term effects of mowing, suchas competitive
interactions and removal of propagulesources.133
Table 5.3. Spilt-plot analysis of variance comparingmowed and unmowed plots on seedling
establishment (out of 25 sowed seeds) in 1991-1992for four species in western Oregon native
prairie. Mowing was the whole plot factor withblocks nested within the mowing treatment.
The subplot factor was caging and fungicidetreatments, which are part of a larger study
(Chapters 3 and 4). Means are presented in Table5.2.
Source
a)Bromus carinatus
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
b)Cynosurus echinatus
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
c)Daucus carota
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
d)Prune lla vulgaris
mow
error
cage
fungicide
mow x cage
mow x fungicide
cage x fungicide
error
df sum of squares
1 35.2 2.02 0.17
18 313.5
1 25.9 2.07 0.16
1 18.4 1.47 0.24
1 30.9 2.47 0.13
1 0.8 0.07 0.80
1 0.3 0.02 0.88
21 262.6
1 0.8 0.04 0.84
18 348.7
1 20.0 1.10 0.31
1 7.2 0.39 0.54
1 0.1 0.00 0.95
1 17.3 0.95 0.34
1 23.8 1.3 0.27
23 420.0
1 18.7 0.75 0.40
18 447.3
1 45.8 2.29 0.14
1 86.9 4.36 0.05
1 9.0 0.45 0.51
1 1.7 0.09 0.77
1 4.9 0.25 0.62
23 458.6
1 0.2 0.01 0.91
18 304.1
1 85.7 3.41 0.08
1 2.5 0.01 0.75
1 13.5 1.54 0.47
1 13.0 0.52 0.47
1 57.2 2.27 0.14
23 579.3134
CHAPTER 6
CONCLUSIONS
Only a handful of studies have attempted to describe the post-dispersal fates of
seeds. Understanding seed fate patterns along with other regeneration characteristicsare
essential for development of hypotheseson the role of regeneration strategies in
determining size and distribution of plant populations, and ultimately species
composition and diversity of communities.
The primary reason for the paucity of seed fate studies is theextreme difficulty in
determining seed fates and mortalitycauses. Particularly difficult is distinguishing
between seeds that die due to failed germination, saprophytic decay andpathogenic
decay. Improvements in techniques for locatingor retrieving seeds after experimental
sowing is the key to increasing seed fate research. Stringent requirements limituse of the
successful technique, labeling seeds witha radioactive tag (Lawrence and Rediske 1962,
Vander Wall 1994). Marking seeds with dyeor paint can be successful in the short-term
for only some species. Some have suggesteduse of video cameras such as used in
animal studies (Fenner 1987). Retrieval of seeds by sieving andmicroscopic
examination is much too labor intensive and time-consumingto be used in extensively.
This thesis investigated post-dispersal seed fates and theprocesses controlling
these fates for four species common in western Oregon native prairies:Bromus
carinatus, Cynosurus echinatus, Daucus carota, and Prune lla vulgaris (Chapter3). The
effect of mowing on one particular seed fate, seedling establishment,was also addressed
(Chapter 5). Additional studies focusedon the effect of a single mortality factor, fungal
disease, on seed and seedling death (Chapter 4).135
Three fates await seeds after dispersal (Figure 6.1). Seedscan either persist as
seeds, germinate and grow as seedlings,or die. Most seeds of the study species died
(80%-44%), with relatively few seeds germinating and survivingas seedlings for both
years of the study (Chapter 3). Virtually no seeds persisted for three of the study species,
whereas seeds of Daucus carota (14%) formeda small persistent seed bank for year one.
"Other mortality processes" were generally the largestcause of death for all four
species for two years (73%-32%, Chapter 3). The likelycomponents of "other mortality
processes" (invertebrate predation, interferenceor abiotic processes) differed among
species (Table 6.1).
Most deaths caused by "other mortality processes" for Bromus carinatus and
Cynosurus echinatus probably occurredas seedlings, either by interference or abiotic
factors, although invertebrate predationcan not be ruled out for Bromus carinatus (Table
6.1). Seedling death due to abiotic factors is most likely the largestcomponent of "other
mortality processes" for Daucus carota. The most probablecomponents for Prunella
vulgaris were seed death by invertebrate predation and seedling death by abioticfactors
(Table 6.1).
Disease by common soil fungi in the field experiment caused less thanten percent
mortality of seeds and seedlings, with the exception of Prunella vulgaris(Chapter 3).
Vertebrate predation substantially reduced the seed numbers of onlyone species, Bromus
carinatus (21.2%). Because of the inherent difficulties in measuring seeds and
germinants136
Figure 6.1. Model describing fates of seeds and theprocesses controlling the magnitudes
of these fates.Seeds on
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Table 6.1. Possible components of "other mortality processes" forfour species found in western
Oregon native prairies. A "+" indicates that the mortality factor isa likely component of "other"
mortality processes, a "_" indicates that the mortality factor isnot likely a component, and "?"
indicates evidence is not available to determine whether the mortalityfactor is a component or
not.
Species
"Other" mortality processes
bacterial/viralinvertebrate
diseases predatio abiotic factorsinterference
Bromus carinatus
Cynosurus echinatus
Daucus carota
Prune lla vulgaris
that disappear due to microbial decay, the magnitude ofsenescence is unknown. The
potential magnitude, however, of seedsenescence after one year is possibly minor, based
on laboratory experiments for all four species.
These patterns of mortality help explain the lack of seed persistence for threeof
the study species. Seed persistence dependson avoidance of both germination and death.
The lack of a persistent seed bank for Cynosurus echinatus isprobably not caused by
seed death, suggesting that lack of dormancy and non-restrictivegermination
requirements are the probable mechanisms. Lack of dormancy/non-restrictive
germination requirements, and seed death caused by predationare conceivably
responsible for the lack of long-term seed persistence for Bromuscarinatus and Prune lla
vulgaris.
Although the expectation was that the regenerationresponses to disturbances
would differ among the four species, the increases in seedlingestablishment in the
mowed plots compared to the unmowed plotswere not significant for all four species139
(Chapter 5). The results suggest that mowing willnot promote the establishment of the
two non-native species, Cynosurus echinatus and Daucuscarota, but neither will
mowing promote the establishment of the native species,Bromus carinatus and Prune lla
vulgaris.
These seed fate results have implications formanagers who wish to conserve
native prairies of the Willamette Valley. Sowingextra seeds of the two native species
should increase their populations sizes, assuming that safe-sitesare not limited. Even if
long-distance dispersal occurs,an outside source of seeds is necessary to reintroduce
these species on sites where these speciesare absent, because seeds of the two native
species did not persist in the soil. Applying pesticides thatprevent vertebrate predation
for Bromus carinatus and invertebrate seed predation forPrune lla vulgaris before
sowing will increase seedling establishmentrates, assuming no compensatory mortality
by other factors. Sowing seeds in naturalor artificial gaps in the vegetation will increase
seedling establishment of Bromus carinatus. Because fungal diseasecaused few deaths,
application of fungicides to seeds isunnecessary.
Controlling propagule availability will likely control abundance of thenon-native
species better than controlling mortality factors. Because theannual Cynosurus
echinatus appears to lack a persistent seed bank, removal ofthe on-site seed source by
mowing before seed maturation should eventually eliminate the population.In contrast,
seed removal before maturationmay not eliminate a population of Daucus carota,
because it can regenerate from propagules in its persistent seedbank. If, however, the
seed bank receives no new seed inputs, the seed bankmay be virtually eliminated after 5-
6 years.140
The additional studies in Chapter 4 investigating the mortalityfactor of fungal
disease on seed and seedling death corroborate the resultson fungal disease described in
Chapter 3. This research (Chapter 4) generally showed thatdisease caused by common
soil-borne fungi is not contributing to seedling mortalityat magnitudes of 10% or greater
of the original seed population for all study species. Theresults of the three experiments
described in Chapter 4 were similar despite conducting theexperiments in different
years, under uncontrolled conditions (field conditions) vs. controlled conditions (pot
experiments), with different fungicides, and with different modes offungicide
applications (to soil vs. on seed).
This pattern of small magnitude of death caused by fungal diseaseis contrary to
what one might expect given the considerable magnitude ofseedling mortality caused by
fungi in agricultural systems (Sewell 1981). For fungaldisease to occur, three
components of the disease triangle are necessary: (1)a susceptible host population, (2) a
virulent pathogen population, and (3) abiotic conditions thatpromote growth of the
fungus relative to the host. Anyor all these components may have been missing in this
study.
Nevertheless, even when all three components of the disease triangleare present,
many studies in natural vegetation show that disease occurs at insignificant levels
(Dinoor and Eshed 1984, Burdon and Shattock 1986, Kranz 1990).One hypothesis is
that a variety of mechanisms exist in natural communities keepingpopulations of
pathogens in check or balance with host populations, thus, preventing significantlevels
of disease (Dinoor and Esched 1984). When the relative magnitudeof any one of these141
mechanisms changes, disease levels increase, sometimesresulting in epidemics (Dinoor
and Esched 1984, Burdon and Shattock 1986).
Future research that addresses the question of why soil-borne fungidid not
contribute substantially to seedling mortality in this thesisneeds to investigate whether
all the components necessary for disease tooccur are present. First, studies need to
determine if common soil-borne pathogens (e.g., Pythiumspp., Phytophthora spp.,
Fusarium spp.) are present at the study site and ifso, at what inoculum levels. Next,
greenhouse or laboratory studies should determine whether these fungican infect and
cause disease in the study species. Both absence of fungal pathogensor inability to cause
disease in the study species can explain lack of disease inthe present study. However, if
fungal pathogens are present andcan cause disease in the study species, more
investigations are required to determine the environmentalconditions necessary to
promote disease.
Although disease in natural systems has been generally ignored by plant
ecologists, considerable evidence indicates that disease,even when unapparent , is a
significant process influencing plant population dynamics andplant community diversity
(Chapter 2). This research is one of the first touse chemical exclusion of fungi to
determine the effects of fungal diseaseon seed/seedling mortality in natural vegetation.
One final note: Statistical power is an integral part of scientific hypothesis-
testing, yet it has been largely ignored in the ecologicalliterature (Peterman 1989,
Fairweather 1991). Statistical power is the probability ofcorrectly detecting an effect,
that is, the probability of rejecting the null hypothesis ofno effect when in fact there
really is an effect (Cohen 1969). Statisticalpower should be calculated and reported142
when a statistical test fails to reject the null hypothesis ofno treatment effects in order to
judge whether there really is no effector whether the test was too weak to examine the
null hypothesis properly. The experiments used in this researchgenerally had high
power, lending credence to the non-significant results.143
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APPENDIX 1
EFFECTS OF SHAM CAGE
OBJECTIVE
Chapter 3 describes a field experiment which the goalwas to quantify the post-
dispersal seed fates of four species ina western Oregon native prairie. One objective was
to determine the magnitude of mortality caused by vertebrate predation bycomparing the
survival of seeds and seedlings between caged and uncaged plots.This appendix
describes an experiment conducted to determine if thecages had any effects other than
exclusion of vertebrate predatorson seed survival of the four study species, Bromus
carinatus var. carinatus, Cynosurus echinatus, Daucuscarota and Prune lla vulgaris var.
lanceolata.
METHODS AND ANALYSIS
The study site, experimental design, details of caging treatments, and data
collection are described in Chapter 3. Survival (sum of dormant seedsand seedlings)
was compared between the plots with the sham cage and the uncaged plots, usinga split-
plot analysis of variance (ANOVA) for each species (Steele andTorrie 1960). Mowing
(which was part of another study, Chapter 5)was the whole plot factor. The subplot
factor consisted of the five treatments: (1) closedcage, (2) no cage, (3) sham cage, (4)
fungicide and (5) no fungicide. Because the sample sizeswere unbalanced, the General
Linear Model (GLM) procedure of the SAS Institute statistical software,version 6.08 and
type III sum of squares were used for all analyses. Inspections of normality plots ofthe
residuals showed that the ANOVA assumption of normalitywas met. Inspection of160
residual plots against predictedscores showed that the ANOVA assumption of constant
variance was met. When appropriate, differences betweenmeans were tested using
Fisher's protected least significant difference. ForANOVAs with non-significant
treatment effects, analyses were conducted to determine thepower of the statistical test to
detect a pre-determined effect size between experimentaltreatments (Cohen 1969,
Peterman 1990, see Appendix 4 for details).
RESULTS AND DISCUSSION
Seed and seedling survival did not significantly differ between the shamcage
treatment and the uncaged treatment (P > 0.5) (Appendix Tables 1.1 and 1.2). The
significant treatment effect for Bromus carinatus (Appendix Table1.2) was due to
differences between caged and uncaged treatments.
Power analysis shows the experiment had the followingpower to detect an 8%
loss caused by predation of the original 25 seeds sowed:Bromus carinatus, 76%;
Cynosurus echinatus, 76%; Daucus carota, 76%; and Prunella vulgaris, 80%.
Therefore, the results support the hypothesis that the cagingtreatment had no effects
other than prevention of vertebrate predatorson survival of the sowed seeds of the four
study species.161
Appendix Table 1.1. Number of seeds and seedlings survivingout of 25 experimentally sowed
seeds in plots with and without a shamcage in 1991-1992 for each of four species found in
western Oregon native prairies. The sample size is 20, when mowed and unmowed plotsare
combined. Standard deviation is indicated by sd.
Species
No cage Sham cage
mean sd mean sd
Bromus carinatus 3.1 4.0 2.9 3.5
Cynosurus echinatus 6.3 5.0 6.0 3.9
Daucus carota 5.3 7.8 5.0 4.9
Prunella vulgaris 5.4 3.6 6.2 4.4162
Appendix Table 1.2. Split-plot analysis of variance comparing mowing and fivefungicide and
caging treatments on survival of seeds and seedlings for four species ina western Oregon native
prairie in 1991-1992. Mowing (a treatment froma another study, chapter 5) is the whole plot
factor. The subplot factors are (1) closedcage, (2) no cage, (3) sham cage, (4) fungi-cide
application, and (5) no fungicide application. Means of shamcage and no cage plots are
presented in Appendix table 1.1.
Source df Sum of squares
a)Bromus carinatus
mow 1 75.4 3.62 0.07
error 18 374.7
treatment 4 168.5 2.98 0.03
mow x treatment 4 87.2 1.54 0.21
b)
error
Cynosurus echinatus
32 452.3
mow 1 78.9 2.77 0.11
error 18 513.5
treatment 4 95.8 1.59 0.20
mow X treatment 3 11.4 0.25 0.86
c)
error
Daucus carota
34 513.8
mow 1 3.3 0.15 0.70
error 18 391.7
treatment 4 171.4 0.86 0.50
mow X treatment 4 250.5 1.26 0.30
d)
error
Prune lla vulgaris
33 1641.0
mow 1 0.0 0.0 0.97
error 18 478.3
treatment 4 76.9 0.94 0.45
mow X treatment 4 53.3 0.65 0.63
error 36 738.0163
APPENDIX 2
EFFECTS OF THE FUNGICIDES CAPTAN
AND METALAXYL ON SEED GERMINATION
OBJECTIVE
Chapter 3 describes a field experiment which quantified post-dispersal seed fates
of four species in a western Oregon native prairie. One objectivewas to determine the
magnitude of mortality caused by fungal disease by comparing the survival of seedsand
seedlings between fungicide treated plots and untreated plots (for details,see Chapter 3).
This appendix describes tests conducted to determine whether adverse effects ofthe
fungicide treatment had adverse effectson seed germination of the four study species:
Bromus carinatus var. carinatus, Cynosurus echinatus, Daucuscarota, and Prune lla
vulgaris var. lanceolata.
METHODS AND ANALYSIS
Twenty seeds of each species were sowed in each of ten Petri dishes lined with
filter paper. The seeds in five of the Petri disheswere treated with the fungicides Captan
and metalaxyl at the same concentrations (fungicideper unit of soil) used in the field
experiment (Chapter 3). Seeds in the other five Petri disheswere untreated. The Petri
dishes were randomly placed in a germinator at 30° C during the day and 20°C at night,
with 14 hours of light, and watered with distilled wateras needed. Germination was
recorded weekly. A seed was considered germinated when the radicle emergedfrom the
seed coat. Monitoring continued untilno new germination occurred for 10 days.164
For each species, the germination percentageswere statistically compared
between the fungicide treated seeds and untreated seeds, usinga one-way analysis of
variance (Sokal and Rohlf 1981) performed by the statistical software package
Statgraphics, version 5.0. Inspections of normality plots of the residuals showed that the
ANOVA assumption of normality was met. Inspection of plots of residuals against
predicted scores showed that the ANOVA assumption of constant variancewas met.
RESULTS AND DISCUSSION
Germination did not differ significantly between treated and untreated seeds for
all four species: Bromus carinatus (P= 0.72), Cynosurus echinatus (P = 0.98), Daucus
carota (P = 0.07) and Prunella vulgaris (P = 1.0) (Appendix tables 2.1). Analysis
showed the following power to detect a 15 percentage point change in germination
between treated and untreated seeds: Bromus carinatus, 39%; Cynosurus echinatus,
>61%; Daucus carota, 61%; and Prune lla vulgaris, 29%. Thepower for this statistical
test was limited by the sample size of five Petri dishes.165
Appendix Table 2.1. Comparison of germination under laboratory conditionsbetween seeds
treated with fungicides Captan and metalaxyl and untreated seeds for fourspecies in western
Oregon native prairies. The sample sizewas five Petri dishes with each replicate con-taining 20
seeds. Standard deviation is indicated by sd. P is the probability of falselyrejecting the null
hypothesis of no differences in means between treatments.
Species
fungicide no fungicide
P mean % sd mean % sd
Bromus carinatus 83 15.3 86 8.9 0.72
Cynosurus echinatus 98 2.7 98 2.8 0.98
Daucus carota 67 7.6 80 11.7 0.07
Prunella vulgaris 75 12.3 75 16.6 1.00166
APPENDIX 3
EFFICACY OF SEED RETRIEVAL TECHNIQUES
OBJECTIVE
Chapter 3 describes a field experiment which the goal quantified post-dispersal
seed fates of four species in a western Oregon prairie. The general approach included
sowing seeds of four prairie species into experimentally manipulated field plots for each
of two years, and recovering these seeds from the soilone year later to determine their
fates. This appendix describes preliminary tests to determine the efficacy of these
retrieval techniques for the following four species: Bromus carinatusvar. carinatus,
Cynosurus echinatus, Daucus carota, and Prune lla vulgaris var. lanceolata.
METHODS
Ten to twenty seeds of the study species were sowed into 5cm diameter plots
located in undisturbed vegetation at the study site (Chapter 3). The soil containing the
seeds was then removed from the plot toa depth of 5 cm with a bulb digger. These soil
samples were sieved using water and sieves matched to the size of the seed sowed ina
particular sample. The remaining residues were dried at 30° for 2-3 days and then
examined for any remaining seeds, using a dissecting microscope or magnifying glass.
These extraction methods were identical to those used in the research described in
Chapter 3.167
RESULTS AND DISCUSSION
Virtually 100% of the larger seeds of Bromus carinatus and Cynosurus echinatus
were recovered (Appendix table 3.1). For Prunella vulgaris, the percentagewas 88%.
Wet Prunella vulgaris producea mucilaginous substance to which dirt particles adhere,
covering the seeds. At first the seedswere difficult to detect due to the dirt covering, but
with more experience they were easily recognizable. Because of the background
presence of Daucus carota seeds in the field collected soil samples, more Daucus carota
seeds sowed were recovered than had been sowed. However, given the effectivenessof
the retrieval techniques for the other three species, the decisionwas made to use these
methods to retrieve the sowed seeds from the soil for all four species.
Appendix Table 3.1. Seeds recovered from soil samples (asa percentage of number sowed) for
four species of western Oregon native prairies. The sample size is indicated byn. Standard
deviation is indicated by sd.
seeds per
Species n sample mean % sd
Bromus carinatus 4 10 97.5 5.0
Cynosurus echinatus 3 10 100.0 0.0
Daucus carota 4 10 140.0 39.2
Prunella vulgaris 3 20 88.3 10.4168
APPENDIX 4
ANALYSIS OF STATISTICAL POWER
INTRODUCTION
Before concluding there are no treatment effects when statistical tests shownon-
significant results, it is important examine the-statisticalpower of the experiment to
detect a pre-determined effect difference (effect size) between treatments. Power is equal
to 1-0, where beta is the probability of committing a Type II error, that of failing to reject
the null hypothesis (e.g., there is no difference in seedling establishment between the
fungicide treated plots and the untreated plots) when in fact the null hypothesis is false
(there is in reality a difference in seedling establishment between treatments). The
factors that determine the strength ofpower are (1) alpha (the probability of committing a
Type I error), (2) the sample size, and (3) the true difference between themeans under
the null hypothesis and the alternate hypothesis. Often, alpha is setat 0.05 and power at
0.80. At these values the relative seriousness of Type IIerror to Type I error is 0.2/0.05
or 4 to 1. Thus, the mistaken rejection of the null hypothesis is considered four times as
serious as mistaken failure to reject. In this thesis,power analyses were performed for all
tests with non-significant differences between treatments. The following sections discuss
the power analyses for specific statistical tests conducted in this thesis research.
ONE-WAY ANALYSIS OF VARIANCE, t-TESTS AND PAIRED t-TESTS
Statistical power for one-way ANOVAs and t-tests was determined from the
power tables of Cohen (1969), which require alpha (the probability of committing a Type
I error), the sample size (n), and the standardized effect size (d). The standardized effect169
size (d) was calculated by first determining the smallest differenceor effect between
treatments that was considered to be biologically significant. This effect size differed
depending on the particular research question and is described in the pertinent chapter.
The effect size was then standardized by dividing it by thecommon standard deviation of
the means of the treated and untreated variables.
Statistical power of paired t-tests were determined from the tables of Cohen
(1969) as described above for one-way ANOVA and t-tests, withone difference. The
standardized effect size calculated abovewas adjusted by multiplying by the square root
of two. This adjustment was necessary because the tables (Cohen 1969)are based on the
number of samples in each of two means. With the paired t-test, there is onlyone set of
means.
FACTORIAL ANALYSIS OF VARIANCE
Statistical power for the factorial ANOVA used in the field experiment described
in Chapter 4 was determined from thepower tables of Cohen (1969), which require alpha
(the probability of committing a Type I error), the sample size (n), and the standardized
effect size (0.
There are several ways to compute the standardized effect size (f). The method
used in this study was based on the relationship between f and the effect size, d,
(computed for t-tests.) If k = 2 (where k is the number of levels fora treatment), then f =
(1/2)d. The average d was calculated from the three pot experiments (described in
chapter four) and divided by 2 to compute f. This effect size (d) from the pot
experiments was based on detecting a 2-seedling increase in seedling establishment170
between pots with fungicide treated seeds and untreated seeds. Using d from the pot
experiments was based on the assumption that the variability in the field experiment
would be similar to the average variability in the pot experiments. Because the sample
sizes for the fungicide treatment and the nonfungicide treatmentwere not equal, the
sample size (n) was calculated as follows: n =N/k, where N is the total number of
replicates and k is the number of treatment levels.
In addition to calculating power to detect a 2-seedling increase in seedling
establishment between fungicide-treated and untreated plots, the effect size (f) at 78%
power was also determined from the power tables of Cohen (1969).171
APPENDIX 5
GERMINATION PERCENTAGES OF SEEDS STORED
FOR TWO AND THREE YEARS AFTER COLLECTION
OBJECTIVE
The objective of this study was to determine the germination percentages of seeds
stored two and three years after collection of four grassland species found in western
Oregon native prairies: Bromus carinatus var. carinatus, Cynosurus echinatus, Daucus
carota, and Prunella vulgaris var. lanceolata,
METHODS
The seeds of the four study species were stored in paper bags at laboratory room
temperature immediately after field collection for either two or three years. Seeds (28-
32) of each species were sowed on moistened filterpaper in each of three Petri dishes
(only two Petri dishes were used for 1992 collected seeds of Prunella vulgaris). The
Petri dishes were put in a germinator at 30° C during the day with 14 hours of light and
20° C during the night and watered with distilled water as needed. (These germination
conditions were determined preliminary germination tests). Germination was recorded
weekly. A seed was considered germinated when the radicle emerged beyond the seed
coat. Monitoring continued until no new germination occurred for 10 days.
RESULTS AND DISCUSSION
With the exception of Bromus carinatus, germination percentages were similar
between seeds stored for two years and those stored for three years after collection172
(Appendix Table 5.1). Bromus carinatus showed substantial reduction inseed
germination after the second year of storage (Appendix Table 5.1). Therefore,the results
suggest that the seeds of these four species have the genetic ability to remain viable forat
least two years with little senescence.
Appendix Table 5.1. Germination of seeds stored atroom temperature in paper bags for
approximately two and three years after field collection for each of four species foundin western
Oregon native prairies. The sample size is indicated byn. Each replicate contained 28 and 32
seeds. Standard deviation is indicated by sd.
Species Years stored n Germination (%) sd
Bromus carinatus two 3 73.3 5.8
three 3 46.7 3.3
Cynosurus echinatus two 3 98.9 1.9
three 3 97.8 1.9
Daucus carota two 3 98.9 1.9
three 3 86.0 6.4
Prune lla vulgaris two 2 85.7 5.1
three 3 92.2 3.9173
APPENDIX 6
PREDATION
INTRODUCTION
Unpublished data collected by Lisa Lantz (Department of Botany and Plant
Pathology, Oregon State University) for her thesis project were re-analyzed to determine
whether the combined predation from vertebrates and invertebrates caused seed losses for
four grassland species found in western Oregon native prairies: Bromus carinatusvar.
carinatus, Cynosurus echinatus, Daucus carota, and Prunella vulgaris var. lanceolata.
METHODS AND ANALYSIS
Lantz used the same study species and experimental plots as were used for year
two (1992-1993) of the research described in Chapter 3. Two plots (25 cm x 35 cm)
were randomly located within each of 20 randomly located blocks (2.2 m x 2.2 m). One
of the plots within each block was caged (description in chapter 3) to prevent vertebrate
predators and the other plot was uncaged. To prevent invertebrate predation, Lantz
sowed 5 seeds of the four study species in early summer 1992 into dishes consisting ofa
Mason jar ring with a cloth bottom. Dishes in the caged plotswere elevated
approximately 5 cm from the soil surface by a pedestal, whichwas covered by
"Tanglefoot" TM, a product designed to preventaccess by crawling insects. Overhanging
vegetation was removed from the caged plots to prevent insects from "dropping in". In
the uncaged plots, she sowed 5 seeds of each the four study species into dishes sittingon174
the ground with no application of "Tanglefoot "TM. Disheswere monitored regularly for
the next year and the number of missing seeds recorded and replaced.
The number of missing seeds was compared between the treated and the untreated
plots by a paired t-test (Sokal and Rohlf 1981), using the statistical software Statgraphics,
version 5.0. Inspections of histograms of the variable showed assumptions of normality
were met.
RESULTS AND DISCUSSION
The number of missing seeds within the treated plots and the untreated plotswas
significantly different for two species, Bromus carinatus (P< 0.01) and Prunella
vulgaris (P = 0.01), rejecting the null hypothesis ofno seed predation by either vertebrate
or invertebrate predators (Appendix table 6.1). The number of missing seeds in the
treated plots was not significantly different from the number of missing seeds in the
untreated plots for the other two species, Cynosurus echinatus (P= 0.10) and Daucus
carota (P = 0.37), supporting the null hypothesis of no seed predation (Appendix table
6.1).
The results suggest that seed mortality was caused by predation by either
vertebrate or invertebrate predators for both the native species, Bromus carinatus and
Prune lla vulgaris. In contrast, the results suggests thatno seed predation occurred for
the two non-native species, Cynosurus echinatus and Daucuscarota.175
Appendix Table 6.1. Results of a paired t-test comparing themean number of seeds missing
from uncaged plots compared to caged plots for four species in 1992-1993 inOpen Space Park, a
western Oregon native prairie. The mean difference between uncaged and caged is presente
with standard deviation indicated by sd.
Species n mean difference sd
Bromus carinatus 20 6.1 3.9 <0.01
Cynosurus echinatus 20 2.0 5.2 0.10
Daucus carota 20 -0.9 4.1 0.37
Prunella vulgaris 20 2.7 4.2 0.01